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ABSTRACT	  	  	  	  Micro-­‐bubble	  streaming	  flows	  represent	  a	  unique	  type	  of	  actuating	  mechanism	  for	  microfluidics	   and	   have	   demonstrated	   great	   potential	   in	   the	   applications	   of	  micro-­‐particle	  manipulation	  (e.g.	  size	  dependent	  trapping,	  sorting,	  and	  focusing	  etc.).	  The	  main	   object	   of	   this	   thesis	   work	   is	   to	   extend	   towards	  much	   smaller	   sized	   particle	  sorting	  down	  to	  1μm	  and	  sub-­‐micron.	  On	  top	  of	  that,	  we	  want	  to	  further	  explore	  the	  potential	   of	   applying	   bubble	   streaming	   sorting	   to	   biological	   objects	   which	   in	   the	  similar	   size	   scales.	   Systematical	   experiments	  have	  been	   conducted	  on	  polystyrene	  latex	   particles	   as	   well	   as	   several	   types	   biological	   cells	   and	   its	   infectious	   viruses,	  specifically	   Sulfolobus	   islandicus	   with	   Sulfolobus	   spindle-­‐shaped	   viruses,	   and	   also	  
Escherichia	   coli	   with	   Lambda	   phage.	   Size	   sensitive	   sorting	   has	   been	   revealed	   by	  means	   of	   larger	   sized	   objects	   will	   be	   majorly	   deflected	   away	   from	   their	   original	  streamline	   while	   smaller	   sized	   objects	   will	   follow,	   which	   leads	   to	   size-­‐sensitive	  sorting.	   It	   has	   been	   proved	   that	   relative	   concentration	   ratio	   of	   two	   sized	   particle	  mixing	   solution	   can	   be	   enhanced	   with	   almost	   a	   factor	   of	   6,	   and	   can	   be	   further	  improved	  by	   sequential	  bubble	   sorting.	  However,	   sorting	  application	  with	   smaller	  particles	   with	   diameter	   as	   1μm	   and	   100nm	   doesn’t	   perform	   as	   well	   as	   larger	  particles	  sorting	  reported	  by	  Wang	  et	  al.	  (Appl.	  Phys.	  Lett.	  99,	  034101,	  2011)	  when	  they	  used	  a	  mixture	  of	  10μm	  and	  5μm	  particles	  in	  diameter.	  Fundamental	  reason	  of	  this	   can	   be	   explained	   by	   a	   combination	   of	   advection	   and	   diffusion	   effect.	   Beyond	  that,	   the	  principle	  of	  micro-­‐bubble	  streaming	  sorting	  also	  has	  shown	  applicable	   to	  biological	   objects	   sorting	   purpose,	   but	   could	   be	   affected	   more	   by	   (i)	   wider	   size	  distribution,	   (ii)	   naturally	  morphologically	   diverse,	   (iii)	   active	  motion	   of	   live	   cells	  and	  (iv)	  more	  deformable	  compared	  to	  artificial	  polystyrene	  particles.	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Chapter	  1.	  Introduction	  	  1.1	  Introduction	  of	  key	  terminologies	  	  Microfluidics	   refers	   to	  devices	  and	  methods	   for	  controlling	  and	  manipulating	   fluid	  flows	   with	   micron	   length	   scales	   (1μm	   -­‐1mm)	   [4-­‐6].	   As	   a	   multidisciplinary	   field	  intersecting	   engineering,	   physics,	   chemistry,	   biochemistry,	   nanotechnology,	   and	  biotechnology,	   microfluidics	   has	   developed	   rapidly	   in	   the	   past	   decades	   and	   now	  plays	  a	  critical	  role	  in	  many	  science	  and	  engineering	  disciplines	  [7-­‐10].	  It	  has	  been	  used	  for	  a	  variety	  of	  applications	  in	  the	  fields	  of	   industrial	  production,	   food	  safety,	  environmental	  assessment,	  chemical	  processing,	  biological	  engineering,	  and	  disease	  therapeutic	  research	  [11].	  Moreover,	  the	  behavior	  of	  fluids	  at	  the	  micro-­‐scale	  can	  be	  different	  since	  various	   factors	  of	  particular	   importance	  on	   the	  small	   scale,	   such	  as	  surface	   tension,	   Brownian	   motion,	   and	   fluidic	   resistance	   start	   to	   dominate	   the	  system.	  Microfluidics	  concern	  both	  fundamental	  understanding	  of	  flow	  physics	  and	  design	   as	   well	   as	   fabrication	   of	   fluidic	   devices.	   Originated	   from	   micro-­‐electrico-­‐	  mechanical	   systems	   (MEMS),	   now	   there	   are	   many	   procedures	   to	   fabricate	  microfluidic	   devices	   [12].	   In	   this	   thesis	   we	   are	   utilizing	   one	   of	   the	  most	   classical	  methods:	  soft	  photolithography	  to	  transfer	  a	  design	  pattern	  from	  a	  mask	  to	  silicon	  wafer,	  and	  further	  replicate	  it	  to	  PDMS	  (polydimethylsiloxane)	  layers	  employing	  the	  quick	  fabrication	  and	  low	  cost	  properties	  of	  PDMS	  [1-­‐3].	  	  	  Bubbles,	   especially	   micro-­‐bubbles,	   have	   been	   utilized	   for	   different	   types	   of	  microfluidic	  applications	   from	  drug	  delivery	   to	  energy	  actuation	  [13-­‐15].	  Different	  ways	   of	   embedding	   micro-­‐bubbles	   inside	   of	   microfluidic	   channels	   have	   been	  developed,	   either	   actively	  or	  passively	   [16-­‐20].	   In	   this	   thesis	  we	  will	   use	   a	   simple	  passive	   approach	   to	   form	   a	   half	   cylindrical	   bubble	   as	   boundary	   of	   an	   air	   pocket	  formed	  when	  fluid	   flows	   into	  a	  PDMS	  channel.	  By	  carefully	  controlling	  bubble	  size	  and	   shape	   in	   a	   relative	   stable	   condition,	   we	   can	   employ	   bubble	   oscillations	   to	  generate	   streaming	   flow	   for	   flow	   pattern	   control	   and	   particle	   trajectory	  manipulation	  [21-­‐22].	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When	  excited	  with	  acoustic	  ultrasound,	  a	  micro-­‐bubble	  can	  transfer	  acoustic	  energy	  into	   a	   hydrodynamic	   flow,	   which	   will	   impact	   the	   flow	   pattern.	   Due	   to	   its	  compressibility,	   a	  micro-­‐bubble	  exhibits	  periodic	  expansion	  and	  contraction	  when	  acted	   upon	   by	   acoustic	   pressure.	   It	   is	   obvious	   that	   the	   bubble	   oscillation	  performance	   is	  a	   function	  of	  driving	  acoustic	   frequency,	  amplitude	  and	  the	  bubble	  intrinsic	  properties	  (size	  and	  shape).	  This	  results	  in	  an	  oscillatory	  flow	  on	  the	  time	  scale	   of	   the	   ultrasonic	   signal,	   normally	   ranging	   from	   10kHz	   to	   100kHz.	   More	  importantly,	   steady	   streaming	   flow,	   which	   a	   secondary	   flow	   phenomenon,	  originates	   from	  the	  time	  average	  over	   the	  oscillatory	   fluid	  motion	  [21-­‐22].	  We	  are	  taking	  advantage	  of	  this	  bubble	  streaming	  flow	  to	  achieve	  size	  based	  particle	  sorting	  and	  manipulation.	  	  1.2	  Motivation	  	  Wang	  et	  al.	  [1-­‐3]	  presented	  that,	  when	  superimposing	  micro-­‐bubble	  streaming	  flow	  with	   common	   Poiseuille	   transportation	   flow,	   particles	   in	   suspension	   will	   exhibit	  size-­‐based	  separation	  phenomena.	  To	  be	  specific,	  the	  strong	  local	  bubble	  streaming	  flow	  vortex	  located	  at	  the	  up-­‐stream	  side	  of	  the	  bubble	  surface	  will	  divide	  the	  flow	  field	  into	  different	  domains	  –	  regions	  with	  closed	  streamlines	  and	  open	  streamlines.	  When	  the	  particle	  size	  is	  larger	  than	  a	  critical	  transition	  value	  it	  will	  be	  trapped	  into	  the	  closed	  vortex	   loop	  (and	  ultimately	  released	   into	  a	  controlled	   transport	   flow	  to	  one	  of	  the	  outlets).	  However,	  if	  the	  particle	  size	  is	  smaller	  than	  this	  transition	  size,	  it	  will	   pass	   by	   the	   bubble	   interface	   and	   follow	   its	   original	   streamline	   to	   the	   other	  outlet.	   This	   unique	   flow-­‐partitioning	   phenomenon	   by	   means	   of	   oscillating	   micro-­‐bubble	   to	   generate	   bubble	   streaming	   thus	   can	   be	   efficiently	   utilized	   for	   particle	  sorting	  purpose	  [1-­‐3].	  	  	  	  Following	  up	  on	  these	  research	  findings,	   in	  this	  thesis	  we	  are	  emphasizing	  both	  to	  further	   explore	   the	   fundamental	   principle	   of	   this	   sorting	   technique,	   and	   to	   also	  apply	   this	   novel	   technique	   to	   sorting	   applications	   with	   particles	   of	  much	   smaller	  size,	  on	   the	   same	  scale	  as	  naturally-­‐occurring	   cells	   and	  viruses.	  To	  be	   specific,	  we	  want	  to	  answer	  the	  questions	  below	  in	  this	  thesis:	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• Can	  we	  extend	  micro-­‐bubble	  streaming	  to	  the	  purpose	  of	  sorting	  micron	  and	  sub-­‐micron	   sized	   particles?	   Specifically,	   we	   want	   to	   explore	   the	   ability	   to	  separate	  a	  size	  of	  1μm	  against	  another	  size	  of	  100nm.	  
• Besides	   the	   geometric	   property	   outlined	   above	   in	   terms	   of	   the	   size	   of	   the	  virtual	  gap	  separating	  the	  transport	  flow	  lines	  from	  the	  vortex,	  are	  there	  any	  other	  factors	  that	  will	  influence	  the	  sorting	  effect,	  at	  least	  for	  particular	  sizes	  of	  particles?	  
• Can	  we	   exploit	   this	   sorting	   technique	   towards	   live	   biological	   samples	   (e.g.	  sorting	   of	   biological	   cells	   against	   virus	   phages),	   and	   is	   their	   sorting	  performance	   under	   the	   same	   flow	   pattern	   similar	   to	   that	   for	   commercial	  latex	  particles?	  	  	  	  	  1.3	  Organization	  of	  thesis	  	  This	   thesis	   is	  mainly	   focusing	   on	   experimental	   research	   of	   applying	  micro-­‐bubble	  streaming	   towards	   micron	   to	   sub-­‐micron	   sized	   particle	   sorting,	   as	   well	   as	   the	  sorting	   of	   cells	   vs.	   viruses.	   In	   order	   to	   reveal	   fundamental	   principles	   of	   sorting	  phenomena	  and	  particle	  motion,	  some	  simulation	  work	  (mainly	  with	  Ansys	  Fluent)	  and	  theoretical	  discussions	  have	  been	  performed.	  The	  organization	  of	  this	  thesis	  is	  as	  follows.	  	  Chapter	   2	   is	   a	   literature	   review	   of	   micro/nano-­‐sized	   particle	   sorting	   techniques.	  Generally	  speaking,	  separation	  and	  sorting	  of	  micron	  scale	  particles	  by	  microfluidic	  techniques	  can	  be	  classified	  into	  two	  main	  categories:	  passive	  and	  active	  techniques	  [11].	   The	   differences	   between	   active	   and	   passive	   sorting	   techniques	   are	   explicitly	  compared.	  Under	  each	  category,	   some	  of	  most	  widely	  cited	  sorting	   techniques	  are	  reviewed	  in	  detail.	  Also,	  advantages	  and	  disadvantages	  of	  these	  sorting	  techniques	  are	  presented.	  Though	  it	  is	  hard	  to	  be	  exhaustive,	  we	  extensively	  cover	  the	  different	  methods	  and	  principles	  used	  in	  terms	  of	  microfluidic	  particle	  sorting.	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Chapter	  3	  discusses	  in	  general	  the	  experimental	  setup	  and	  related	  issues.	  To	  begin	  with,	  standard	  process	   flow	  of	   the	   fabrication	  of	  microfluidic	  devices	   is	  presented.	  Then	  we	  will	   introduce	  the	  general	  experimental	  setup,	  which	   includes	   the	   typical	  H-­‐shape	   device,	   equipment,	   the	  material	   used	   in	   running	   the	   experiment,	   and	   the	  software	  used	  for	  data	  analysis	  	  Chapter	   4	   will	   mainly	   discuss	   the	   principle	   of	   applying	   bubble	   streaming	   flow	  towards	  1𝜇𝑚	  and	  100nm	  particle	  sorting.	   In	  order	  to	  further	  explore	  the	  ability	  of	  bubble	  streaming	  to	  smaller	  particle	  sorting,	  we	  discussed	  several	  approaches	  and	  down	  select	  one	  efficient	  way	  to	  enhance	  the	  bubble	  streaming.	  From	  systematically	  series	  of	  experiments,	  we	  quantified	  the	  deflection	  efficiency	  of	  single	  sized	  particles	  of	  1𝜇𝑚	  and	  100nm,	  as	  well	  as	  mixture	  enrichment	  ratio,	  respectively.	  Even	  beyond	  that,	   we	  will	   further	   extend	  more	   fundamental	   disciplines,	   which	   will	   impact	   the	  particle	  deflection	  performance.	  	  Chapter	  5	  we	  will	  extend	  the	  strategies	  we	  presented	  in	  Chapter	  4	  for	  latex	  particles	  to	   the	   sorting	   of	   live	   cells	   against	   virus	   phages.	   A	   protocol	   of	   conducting	  experiments	  emerged	  with	  biological	  live	  samples	  will	  be	  presented.	  One	  can	  expect	  it	   would	   be	   harder	   to	   predict	   biological	   objects	   performance	   under	   same	  experimental	  setup	  compared	  to	  the	  same	  sized	  commercial	  particles,	  respectively.	  Nevertheless	   some	   systematically	   experimental	   results	   did	   reveal	   similarities	   in	  terms	  of	  size-­‐sensitive	  sorting	  purpose.	  	  	  In	   chapter	   6	   we	   summarize	   the	   key	   accomplishments	   and	   identify	   important	  avenues	  for	  future	  work.	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Chapter	  2.	  Literature	  review	  	  Sorting	  of	  micron/nano	  size	  particles	  has	  been	  researched	  for	  decades	  because	  of	  its	  great	   importance	   in	   biological	   analyses,	   food	   diagnostics,	   chemical	   and	  environmental	   processing	   and	  human	  health	   therapy	   [7-­‐10].	   By	   utilizing	   different	  micron-­‐scale	   flow	   patterns,	   various	   techniques	   have	   been	   developed	   to	   sort	  commercial	   particles	   as	   well	   as	   biological	   samples	   in	   a	   continuous	   manner.	  Compared	   to	   other	   sorting	   particles	   techniques,	   microfluidics	   sorting	   shows	   the	  great	  advantages	  of	  small	  sample	  volume,	  which	  leads	  to	  low	  fabrication	  costs,	  less	  analysis	   time	   but	   high	   deflection	   efficiency	   under	   continuous	   conditions	   [11].	  Moreover,	   in	   parallel	   to	   sorting,	   microfluidic	   devices	   can	   also	   achieve	   sample	  probing	  and	  manipulation	  at	  the	  same	  time,	  with	  techniques	  and	  materials	  available	  in	  common	  research	  labs.	  	  Generally	   speaking,	   separation	   and	   sorting	   micron	   scale	   particles	   by	   microfluidic	  techniques	  can	  be	  classified	  into	  two	  main	  categories:	  passive	  and	  active	  techniques.	  Passive	   techniques	   utilize	   the	   interaction	   between	   particles,	   flow	   field	   and	   the	  channel	   structure	   that	   usually	   do	   not	   require	   external	   input,	   and	   only	   has	  hydrodynamic	  forces	  acting	  on	  particles.	  On	  the	  contrary,	  active	  techniques	  rely	  on	  external	   fields	   (electrokinetic,	   electrophoretic,	   acoustic,	   magnetic,	   etc.)	   to	   apply	  force	  actuation	  on	  particles	  to	  manipulate	  trajectories	  of	  target	  objects.	  To	  compare	  these	  two	  techniques,	  passive	  sorting	  has	  advantages	  over	  the	  active	  techniques	  in	  that	  no	  external	  field	  or	  feedback	  is	  required	  for	  the	  sorting	  process.	  However	  active	  sorting	  often	  shows	  relatively	  higher	  efficiency	  and	  throughput	  than	  passive	  sorting.	  We	   are	   using	   size	   dependent	   transport	   to	   sort	  micron-­‐nano	   scale	   particles	   in	   the	  experiments	  that	  will	  be	  discussed	  later	  in	  this	  thesis,	  with	  no	  particular	  properties	  required	  of	  the	  particles;	  thus,	  this	  work	  will	  explore	  a	  passive	  sorting	  technique.	  	  Size-­‐based	  sorting	  of	  objects	  in	  a	  sample	  is	  one	  of	  the	  important	  technologies	  in	  the	  fields	  of	  micron-­‐nano	  scale	  particle	  sorting	  [1].	  The	  sorting	  of	  micron-­‐sized	  objects	  in	   a	   continuous	   flow	   is	   required	   for	   a	   wide	   variety	   of	   applications,	   including	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chemical	  syntheses,	  mineral	  processing	  and	  biological	  analyses.	  As	  for	  the	  biological	  cells	  sorting,	  it	  has	  been	  found	  that	  several	  diseases	  are	  accompanied	  by	  changes	  in	  physical	  properties	  of	  target	  cell	  sizes	  or	  shapes,	  thus	  size	  or	  shape	  based	  sorting	  of	  cells	   can	   play	   a	   significant	   role	   in	   health	   care	   nowadays	   both	   diagnostically	   and	  therapeutically	   [23].	   One	   of	   the	  most	  well	   known	   examples	   is	   for	   red	   blood	   cells,	  which	  lose	  deformability	  due	  to	  malaria	  [24].	  Basically,	  healthy	  red	  blood	  cells	  are	  deformable	   so	   that	   they	   can	   pass	   through	   blood	   vessels	   even	   when	   these	   are	  narrower	  than	  the	  cell	  diameter.	  When	   infected	  by	  a	  parasite	  such	  as	  plasmodium	  falciparum,	  blood	  cells	  will	  become	  more	  rigid	  (~50	  times	  than	  usual)	  and	  unable	  to	  pass	  the	  capillaries	  leading	  to	  blockage	  of	  vessels	  and	  severe	  trauma	  [24].	  Similarly,	  epithelial	   cancer	   cells	   are	   found	   to	   be	   bigger	   in	   size	   compared	   to	   healthy	   cells	   as	  reported	  by	  Suresh	  et	  al	  [10].	  If	  we	  can	  separate	  healthy	  cells	  against	  differentiated	  cells	   in	  microfluidic	   conditions	   it	   will	   contribute	   to	   the	   therapy	   of	   these	   types	   of	  disease.	   Bhagat	   et	   al.	   [25]	   have	   done	   pioneer	  work	   to	   summarize	   various	   sorting	  methods	   for	   the	   separation	   of	   cells.	   In	   this	   chapter	   of	   literature	   review,	   we	   will	  mainly	   focus	  on	  the	  sorting	  of	  micron-­‐sized	  particles,	  which	  has	  been	  reviewed	  by	  different	  groups	  for	  times.	  The	  separation	  and	  sorting	  of	  submicron-­‐sized	  particles	  is	  mentioned	  briefly	  later	  on,	  and	  covered	  more	  extensively	  elsewhere	  by	  Heller	  and	  Morgan	  et	  al.	  [26-­‐27].	  	  2.1	  Active	  sorting	  techniques	  	  As	   stated	   above,	   active	   sorting	   techniques	   indicate	   the	   sorting	   methods	   need	  external	  field	  input	  and	  rely	  on	  external	  forces	  for	  manipulating	  object	  trajectories.	  Common	  used	  active	  techniques	   involve	  dielectrophoresis	  (DEP),	  magnetic,	  optical	  etc	  [28-­‐40].	  	  2.1.1	  Dielectrophoresis	  (DEP)	  	  If	   a	   neutral	   particle	   is	   placed	   in	   a	   non-­‐uniform	   electric	   field,	   the	   particle	   gets	  polarized	   and	   subjected	   to	   a	   force	   called	   dielectrophoresis	   (DEP).	   DEP	   has	   been	  widely	  used	   for	  electrically	  controlled	   trapping,	   focusing,	   translation,	   fractionation	  and	   characterization	   of	   particles,	   chemical	   and	   biological	   analytics	   that	   are	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suspended	   in	   a	   fluid.	   Gascoyne	   et	   al.	   [28-­‐29]	   illustrate	   that	   the	   DEP	   force	   will	  produce	  the	  attraction	  and	  repulsion	  of	  the	  particle	  towards	  or	  opposite	  direction	  as	  the	   electric	   field	   depending	   on	   the	   sign	   of	   the	   part	   of	   dipolar	   Clausius-­‐Mossotti	  factor	   (CM),	  which	   is	   controlled	   by	   the	   relative	   value	   of	   the	   frequency-­‐dependent	  complex	  permittivity	  of	   the	  particle	   and	  medium,	   respectively.	  Beyond	   that,	   it	   has	  been	  found	  that	  DEP	  force	  acting	  on	  a	  particle	  is	  proportional	  to	  the	  third	  power	  of	  radius,	  square	  of	  the	  gradient	  of	  electric	  field	  and	  dielectric	  properties	  of	  the	  particle	  [30].	  So,	  the	  DEP	  force	  acting	  on	  the	  particle	  will	  be	  different	  based	  on	  the	  size	  and	  intrinsic	   property	   of	   the	   particle.	   This	   can	   be	   employed	   to	   separate	   particles	   and	  cells	   of	   different	   sizes	   and	   intrinsic	   properties.	   DEP	   is	   most	   widely	   used	   in	  alternating	   fields	   (AC).	   In	   AC	   DEP,	   by	   manipulating	   the	   frequency	   of	   the	   applied	  field,	   sorting	   of	   different	   particles	   having	   different	   dielectric	   properties	   can	   be	  achieved.	   To	   be	   specific,	   if	   the	   frequency	   of	   the	   field	   is	   in	   between	   the	   crossover	  frequency	   of	   two	   dissimilar	   particles	   in	   a	   mixture,	   one	   fraction	   of	   the	   particles	  experiences	   negative	   DEP	   and	   moves	   toward	   the	   weak	   field	   region	   and	   another	  fraction	  experiences	  the	  positive	  DEP	  and	  moves	  toward	  the	  strong	  field	  region,	  and	  therefore,	  two	  different	  particles	  could	  be	  separated	  explicitly	  [29-­‐31].	  	  	  2.1.2	  Magnetic	  Separation	   techniques	   based	   on	   the	   intrinsic	   properties	   of	   the	   cells	   lead	   to	   cell	  damage	  due	   to	   joule	  heating	   in	  electrophoresis	   [11].	  The	  magnetic	   separation	  and	  sorting	  technique	  offers	  several	  advantages,	  including	  high	  specificity,	  less	  chance	  of	  cell	   damage	   and	   shorter	   sorting	   time.	   A	   review	   of	  magnetic	   sorting	   techniques	   is	  reported	   by	   Chen	   et	   al.	   	   and	   Pamme	   et	   al	   [32-­‐33].	   In	   principle,	   the	   separation	   is	  based	  on	   the	  presence	   and	   absence	   of	  magnetization.	   Some	   research	   groups	  have	  presented	  different	  ways	  to	  manipulate	  the	  particle	  trajectories	  in	  order	  to	  separate	  particles	  by	  switching	  on/off	  external	  magnetic	  field	  (usually	  nonuniform)	  [34-­‐37].	  Similar	  to	  DEP	  methods,	  by	  using	  magnetic	  field	  to	  manipulate	  particles	  needs	  either	  two	   mixed	   particle	   samples	   have	   intrinsic	   physical	   property	   difference	   upon	  magnetization	   or	   applying	   cell	   coating	  with	  magnetic	  material	   on	   top	   of	   it,	  which	  may	  not	  be	  applicable	  to	  neutral	  particles,	  for	  example	  live	  biological	  cells.	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  2.1.3	  Optical	  	  A	  particle	  subjected	  to	  an	  incident	  beam	  of	  light	  scatters	  light	  and	  produces	  a	  change	  in	   momentum	   of	   the	   photons	   present	   in	   the	   light	   beam	   [38].	   The	   change	   in	   the	  momentum	  of	  the	  photons	  produces	  a	  force.	  Typically,	  a	  light	  beam	  has	  a	  Gaussian	  intensity	  profile,	  which	   takes	  a	  maximum	  value	  at	   the	  center	  and	  decreases	  as	  we	  move	  outward.	  When	  a	  beam	  is	  scattered	  by	  the	  particle	  and	  the	  ratio	  of	  refractive	  index	   of	   the	   particle	   to	   that	   of	   the	  medium	   is	   less	   than	   one,	   due	   to	   imbalance	   of	  intensity	  across	  the	  beam,	  the	  scattering	  force	  tries	  to	  attract	  the	  particle	  toward	  the	  center.	   This	   phenomenon	  was	   explained	   as	   a	   ‘single-­‐beam	   gradient	   force	   trap	   for	  dielectric	   particles,’	  which	  was	   later	   named	   as	   ‘optical	   tweezers’.	   By	   adjusting	   the	  laser	  wavelength,	  power	  and	  trap	  geometry,	  this	  technique	  can	  be	  used	  to	  separate	  and	  sort	  objects	  ranging	  in	  size	  from	  almost	  100nm	  to	  100μm.	  [38-­‐40]	  	  As	  a	  brief	  summary,	  the	  active	  techniques	  employ	  an	  external	  field	  and	  many	  times	  require	  more	  involved	  fabrication	  procedures	  (e.g.,	  to	  integrate	  electrodes	  on	  chip).	  Also	  it	  is	  easier	  to	  manipulate	  the	  experimental	  conditions	  by	  changing	  the	  external	  field	  (e.g.	  magnetic,	  optical	  etc.),	  which	  is	  the	  advantage	  of	  using	  active	  techniques.	  More	   importantly,	   generally	   speaking	   the	   active	   separation	   and	   sorting	   methods	  offer	   higher	   separation	   efficiency	   and	   throughput	   compared	   to	   passive	   sorting.	  However,	   considering	   cost	   effectiveness,	   active	   sorting	   mostly	   will	   cost	   more	  comparing	   to	   passive	   ones	   due	   to	   we	   need	   to	   input	   external	   energy.	   As	   a	  consequence,	   for	   large	   output	   sorting	   applications,	   we	   need	   to	   evaluate	   the	   cost	  effect	  by	  comparing	  the	  input	  cost	  of	  setting	  up	  an	  external	  field	  with	  respect	  to	  the	  output	  efficiency.	  	  2.2	  Passive	  sorting	  techniques	  Contrary	   to	   active	   sorting,	   passive	   sorting	   techniques	   make	   use	   of	   interaction	  between	  the	  particles,	  micro-­‐channel	  structure	  and	  the	  flow	  field	  only.	  There	  is	  no	  external	   energy	   field	   applied	   and	   particles	   are	   deflected	   and	   change	   their	  trajectories	   solely	   by	   hydrodynamic	   forces.	   Since	   passive	   sorting	   doesn’t	   involve	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specific	  physical	  properties	   such	  as	  magnetic	  moments	  or	   charges,	   it	   can	  be	  more	  widely	  applied	  to	  any	  types	  of	  micro-­‐	  or	  nano-­‐scale	  cells	  and	  will	  be	  mostly	  sensitive	  to	  differences	  in	  particle	  size	  and	  shape.	  Classical	  passive	  sorting	  techniques	  include	  pinched	   flow	   fractionation	   (PFF),	   hydrodynamic	   filtering,	   deterministic	   lateral	  displacement	  (DLD)	  etc	  [41-­‐61].	  	  	  2.2.1	  Pinched	  flow	  fractionation	  (PFF)	  sorting	  Pinched	  flow	  fractionation	  (PFF)	  is	  a	  passive	  sorting	  technique	  that	  can	  be	  used	  for	  continuous	   flow	   of	   particles	   sorting	   in	   a	   micro-­‐channel	   by	   employing	   the	  characteristics	   of	   laminar	   flow	   [41].	   This	   technique	   can	   be	   applied	   to	   separate	  various	  kinds	  of	  particles,	  and	  the	  number	  of	  particles	  present	  in	  the	  fluid	  does	  not	  affect	  separation	  efficiency.	  By	  precisely	  controlling	  the	  distribution	  of	  flow	  rate	  at	  both	   inlets,	   smaller	   particles	   will	   move	   towards	   walls	   while	   larger	   particles	   will	  displace	  their	  mass	  center	  closer	  to	  the	  center	  of	  channel.	  A	  passive	  particle	  motion	  in	   the	   fluid	   should	   follow	   the	   streamline	   passing	   through	   its	   mass	   center,	   thus	  particles	  deflected	  systematically	  from	  their	  streamlines	  can	  be	  separated	  by	  size	  if	  this	  effect	  is	  size-­‐dependent	  [42-­‐44].	  As	  illustrated	  by	  Jain	  et	  al.	  [44],	  the	  resolution	  of	   separation	   by	   this	   method	   is	   a	   function	   of	   the	   aspect	   ratio	   of	   micro-­‐channel,	  particle	  size	  difference	  and	  the	  micro-­‐channel	  sidewall	  roughness.	  
	  Fig	   2.1	   Schematic	   illustration	   of	   pinched	   flow	   fraction	   (a)	   principle	   of	   PFF	   for	  sorting,	  from	  Yamada	  et	  al.	  [42]	  	  (b)	  schematic	  of	  AsPFF	  device,	  branch	  5	  has	  lower	  hydrodynamic	  resistance,	  from	  Takagi	  et	  al.	  [43].	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Takagi	  et	  al.	  [43]	  found	  that	  sorting	  of	  particles	  that	  have	  small	  size	  difference	  can	  be	  achieved	  by	  asymmetric	  PFF	  (AsPFF).	  Basically	  by	  shortening	  or	  broadening	  one	  of	   the	   outlets	   with	   respect	   to	   others,	   the	   hydrodynamic	   resistance	   of	   this	   outlet	  would	  be	  lower	  so	  that	  more	  liquid	  will	  flow	  in	  this	  channel.	  By	  adjusting	  the	  outlet	  arrangement	   as	  well	   as	   the	   ratio	   of	   infusing	   flow	   rate	   between	   particle	   solutions	  against	   buffer,	   particles	   with	   smaller	   size	   difference	   can	   be	   sorted.	   Beyond	   that,	  since	   the	   principle	   of	   PFF	   is	   mainly	   sensitivity	   to	   size,	   PFF	   sorting	   is	   essentially	  independent	   of	   deformability	   of	   target	   objects.	   For	   example,	   Maenaka	   et	   al.	   [45]	  have	  successfully	  sorted	  droplets	  based	  on	  their	  size.	  	  	  Sai	   et	   al.	   [46]	   conducted	   a	   series	   of	   experiments	   to	   utilize	   a	   similar	   microfluidic	  device	   equipped	   with	   flow	   rate	   control	   valves.	   They	   used	   PDMS	   to	   make	   simple	  membrane	   valve	   connections	   to	   the	   outlets	   and	   by	   controlling	   the	   open	   status	   of	  these	  micron-­‐valves	  they	  can	  control	  the	  flow	  rates	  in	  different	  outlets,	  and	  hence,	  target	  particles	  can	  be	  collected	  from	  the	  desired	  outlet.	  This	  method	  is	  functionally	  similar	   to	   AsPFF	   but	   more	   independent	   controllable.	   Even	   more,	   separation	  accuracy	   is	   also	   considerable	   improved	   compared	   to	   conventional	  PFF	   and	  AsPFF	  [47].	  	  	  2.2.2	  Multi-­‐orifice	  flow	  fractionation	  sorting	  Segre	   and	   Silberberg	   first	   demonstrated	   the	   existence	   of	   lateral	   forces	   on	   rigid	  spherical	  particles	  in	  micro-­‐channels	  [48].	  This	  type	  of	  lateral	  migration	  of	  particles	  occurs	  due	   to	   the	   influence	  of	   inertial	   lift	   forces.	  As	   a	   consequence,	   particles	  with	  different	  size	  could	  be	  sorted	  to	  different	  locations	  by	  differential	  deflection	  through	  lateral	   force.	   Park	   et	   al.	   [49]	   have	   done	   continuous	   size-­‐based	   separation	   of	  microspheres	   using	   a	   series	   of	   contraction-­‐expansion	   micro-­‐channels.	   Basically,	  when	   the	  particles	  move	   from	  one	  contraction	   to	  another	  contraction	   through	   the	  expansion	   chamber,	   particles	   will	   be	   affected	   by	   different	   magnitude	   of	   lateral	  migration	   force.	  As	  shown,	   the	   lateral	  migration	  of	  particles	   is	  proportional	   to	   the	  square	  of	  the	  diameter	  of	  the	  particle	  and	  the	  flow	  rate	  of	  the	  fluid.	  Thus,	  the	  larger	  particles	   are	   subjected	   to	   a	   larger	   lateral	   shift	   than	   the	   smaller	  particles	   and	   thus	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separated	  from	  the	  latter	  [49].	  	  	  This	   sorting	  method	   looks	   similar	   to	   the	   previously	   described	  PFF	   in	  microfluidic	  device	   geometries	   but	   uses	   a	   different	   principle.	   As	   an	   important	   branch	   of	  application,	  both	  of	  them	  have	  been	  used	  to	  screen	  differentiated	  cells	  with	  respect	  to	   healthy	   ones	   [50].	   For	   instance,	   it	   has	   been	   found	   that	   cells	   of	   certain	   types	   of	  cancers	   are	   in	   general	   larger	   in	   size	   and	   have	   higher	   deformability	   compared	   to	  healthy	  cells	   [24].	  Also,	   important	  applications	  exist	   in	  blood	  cell	   separation,	  most	  commonly	  for	  red	  blood	  cell	  (RBC)	  and	  white	  blood	  cell	  (WBC)	  separation	  due	  to	  the	  size	  difference	  between	  the	  two	  species.	  The	  main	  demerit	  of	  these	  two	  techniques	  is	   a	   slow	  overall	   separation	   rate,	   and	   the	   fact	   that	  particle-­‐to-­‐particle	   interactions	  are	  not	  considered,	  which	  can	   introduce	  noise	  effects	   into	  many	  of	   situations	   [50-­‐51].	  	  2.2.3	  Deterministic	  lateral	  displacement	  (DLD)	  	  Huang	   et	   al.	   [52]	   pioneered	   this	   method	   of	   size-­‐sensitive	   sorting.	   Deterministic	  lateral	  displacement	  (DLD)	  is	  a	  steric	  method	  of	  continuous	  separation	  that	  makes	  use	  of	  asymmetric	  bifurcation	  of	   laminar	   flow	  around	  obstacles.	  Periodic	  arrays	  of	  posts	   (cylindrical-­‐shaped	   obstacles)	   are	   placed	   in	   the	   flow.	   Particles	   with	   size	  smaller	   than	  the	  gaps	  between	  obstacles	  will	   follow	  paths	  deterministically	  on	  the	  basis	   of	   their	   size	   and	  deformability,	   thus	   leading	   to	  migration	  dependent	   on	   size	  and	   deformability	   and	   effectively	   separation	   after	   passing	   through	   long	   enough	  paths	  of	  this	  type	  [52].	  	  Dr.	   Beech	   has	   done	   systematical	   research	   on	   DLD	   sorting	   in	   his	   series	   of	  publications	   as	   well	   as	   PHD	   thesis	   [53-­‐56].	   This	   DLD	   method	   is	   applying	   the	  principle	  of	  changing	  the	  magnitude	  of	   lateral	  migration	  velocity/force	  by	  utilizing	  the	   relative	   interaction	   between	   size-­‐variant	   particles	   with	   respect	   to	   obstacle	  pillars.	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Referring	  to	  the	  Fig	  3.2	  below,	  we	  can	  notice	  the	  separation	  of	  two	  sizes	  of	  particles	  when	  passing	  by	  sequential	  obstacles.	  The	  critical	  diameter	  of	  the	  particle	  that	  can	  be	   sorted	   using	   DLD	   is	   a	   function	   of	   the	   period	   of	   arrays	   and	   the	   diameter	   of	  obstacles.	  If	  the	  diameter	  of	  a	  particle	  is	   less	  than	  this	  critical	  diameter,	  the	  lateral	  velocity	  of	  the	  particle	  would	  not	  be	  large	  enough	  to	  cross	  over	  the	  streamline,	  thus	  it	  will	  stay	  along	  its	  original	  trajectory	  and	  the	  particle	  will	  flow	  along	  a	  zigzag	  path.	  However,	   if	   the	  diameter	  of	   a	  particle	   is	  more	   than	   this	   critical	  dimension,	   then	   it	  will	  pass	  by	  arrays	  of	  obstacles	  to	  the	  end.	  Finally	  after	  long	  enough	  distance	  in	  the	  flow,	   two	   different	   sizes	   of	   particles	   would	   be	   separated	   totally	   due	   to	   the	  aggregated	  displacement.	  By	  adjusting	  the	  size	  of	   the	  single	  obstacle,	  gap	  between	  obstacles	   and	   inclination	   angle	   between	   arrays	   of	   obstacles	   and	   initial	   flow	  direction,	  one	  can	  adapt	   this	   type	  of	  design	  to	  different	  applications	  with	  different	  size	  particles	  [55].	  
	  Fig	  2.2	  Sorting	  of	  particles	  using	  the	  DLD	  principle	  to	  force	  particles	  into	  zigzag	  and	  displacement	  modes	  (from	  Beech	  et	  al.)	  [55]	  	  Moreover,	  Beech	  has	  also	  proved	  that	  this	  system	  is	  capable	  of	  sorting	  non-­‐spherical	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particles	   [56].	   Very	   similar	   to	   the	   mathematical	   model	   to	   determine	   the	   critical	  diameter	   of	   particles,	   for	   arbitrarily-­‐shaped	   objects,	   it	   is	   defined	   as	   the	   distance	  from	  the	  obstacle	  to	  the	  center	  of	  the	  gravity	  of	  a	  particle	  along	  the	  line	  joining	  the	  center	  of	  the	  two	  nearest	  pillars.	  	  	  One	  of	  the	  shortcomings	  for	  this	  DLD	  method/device	  is	  once	  the	  geometry	  of	  micro-­‐channel	  is	  fabricated;	  this	  device	  will	  be	  locked	  to	  a	  specific	  size	  of	  particle	  sorting.	  To	   extend	   its	   adaptation,	   a	  more	   versatile	   DLD	   technique	   called	   tunable	   DLD	   has	  been	  developed	  by	  Beech	  as	  well	   [53].	  Beyond	  classical	  DLD,	   it	  exploits	   the	  elastic	  property	   of	   PDMS	   that	   is	   used	   as	   the	   substrate	   for	   fabricating	   the	   microfluidic	  device.	   By	   uniaxial	   stretching	   of	   the	   PDMS	   substrate,	   local	   strain	   changes	   the	  dimensions	   between	   obstacles	   hence	   this	   device	   can	   be	   used	   for	   the	   sorting	   of	  various	  particle	  sizes.	  	  2.2.4	  Filtration	  For	  size	  dependence	  separation,	  the	  idea	  of	  filtration	  is	  intuitive.	  Different	  types	  of	  filtration	  for	  sorting	  micron-­‐scale	  particles	  have	  been	  implemented	  for	  decades	  [57].	  Mainly,	   four	   different	   types	   of	   micro-­‐filters	   are	   used:	  membrane,	   weir,	   pillar	   and	  cross-­‐flow.	   Gossett	   et	   al.	   [58]	   summarized	   different	   fabrication	   of	   micro-­‐filter	  designs.	  Now	  there	  are	  vast	  commercial	  filter	  membranes	  with	  different	  pore	  sizes	  available	   for	   lab	   research.	   For	  membrane	   filtration,	   one	   of	   the	  main	   challenges	   is	  that	  particles	  accumulate	  on	  the	  filter	  surface,	  which	  reduce	  the	  filter	  efficiency.	  This	  could	  be	  solved	  by	  pressure	  driven	   flow,	  or	  by	  using	  centrifugal	  effects.	  The	  other	  challenge	  is	  particles	  stuck	  on	  the	  membrane	  surface,	  thus	  blocking	  the	  penetration	  pores.	  Redkar	  et	  al.	   [59]	  suggested	  to	  utilize	  periodic	  reverse	  flow	  for	  cleaning	  the	  membrane,	  and	  optimized	  the	  switch	  time	  for	  best	  cleaning	  results.	  As	  an	  extension,	  in	   order	   to	   separate	   and	   sort	  multiple	   components	   from	   the	   sample,	  membranes	  with	  different	  pore	  sizes	  were	  placed	  inside	  micro-­‐channel	  structures.	  	  	  The	  above	  method	   is	  easily	  achieved	  but	  does	  not	  centrally	   involve	  hydrodynamic	  forces,	  which	  is	  the	  basis	  of	  passive	  methods	  of	  microfluidic	  sorting.	  In	  comparison,	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hydrodynamic	   filtration	   is	   similar	   to	   cross-­‐flow	   filtration,	   but	   they	   are	   based	   on	  different	  principles.	  When	  a	  side	  channel	   is	  placed	  along	  a	  micro-­‐channel	  carrying	  the	  sample,	  some	  amount	  of	  carrier	  fluid	  transfers	  to	  the	  side	  channel.	  If	  the	  volume	  flow	   rate	   of	   the	   side	   channel	   is	   very	   small	   compared	  with	   the	  main	   channel,	   the	  particles	   of	   diameter	   larger	   than	   a	   particular	   value	   will	   not	   flow	   into	   the	   side	  channel,	  thus	  separating	  particles	  above	  and	  below	  the	  transition	  size.	  Yamada	  et	  al.	  [60-­‐61]	  have	  done	  extensive	   studies	  on	  employing	   flow	  splitting	  and	   recombining	  towards	  micron-­‐sized	  particle	  sorting.	  Wang	  et	  al.	  [1]	  have	  also	  proposed	  to	  utilize	  this	  method	   in	   future	  work	   to	   further	   enhance	   the	   deflection	   efficiency	   based	   on	  current	  bubble-­‐streaming	  sorting.	  	  2.3	  Particle	  sorting	  methods	  utilized	  in	  this	  thesis	  work	  This	  thesis	  work	  is	  an	  extension	  based	  on	  an	  innovative	  concept	  of	  particle	  sorting	  methods	  brought	  up	  by	  Wang	  et	   al.	   [1-­‐3].	  By	  means	  of	  oscillating	  a	  micron-­‐scaled	  half	   cylindrical	   bubble,	   we	   are	   utilizing	   the	   bubble	   streaming	   flow	   to	   deflect	  particles	  with	  size	  sensitivity.	  Since	  there	  is	  no	  any	  other	  external	  force	  acting	  on	  the	  particles	   except	   for	   hydrodynamic	   forces,	   we	  would	   put	   our	   technique	   under	   the	  passive	  sorting	  category.	  The	  main	  difference	  of	  bubble	  streaming	  sorting	  compared	  to	   all	   above	   listed	   passive	   sorting	   techniques	   is	   that	   the	   sorting	   performance	   and	  efficiency	   is	   not	   influenced	   by	   the	   microfluidic	   device	   size,	   i.e.	   the	   typical	   length	  scale	   of	   our	  microfluidic	   channel	   is	   the	   scale	   of	   100μm	   but	  we	   can	   use	   it	   to	   sort	  several	  micron	   over	   sub-­‐micron	   particles.	   Hence	   could	   be	  more	   universally	   used.	  More	  detail	   of	   fundamental	   exploration	  as	  well	   as	   application	  extension	  upon	   this	  method	  will	  be	  presented	  in	  the	  following	  chapters.	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Chapter	  3.	  Experimental	  Setup	  	  This	  chapter	  discusses	  the	  general	  properties	  of	  the	  experimental	  setup	  and	  related	  issues	  in	  experiment.	  To	  begin	  with,	  the	  standard	  process	  flow	  of	  fabrication	  of	  the	  microfluidic	  devices	  is	  presented.	  Then	  we	  will	  introduce	  the	  general	  experimental	  setup,	   equipment,	   the	  material	   used	   in	   running	   the	   experiment,	   and	   the	   software	  used	  for	  data	  analysis.	  Since	  the	  bubble	  size	  is	  a	  key	  parameter	  of	  bubble	  dynamics	  and	  steady	  flow	  pattern,	  we	  will	  discuss	  how	  we	  empirically	  control	  the	  bubble	  size	  during	   the	   experiment,	   especially	   when	   we	   need	   to	   collect	   samples	   over	   longer	  times	   of	   continuous	   bubble	   oscillation	   (30	   minutes).	   Finally,	   a	   specific	   topic	  pertaining	  to	  experiments	  with	  fluorescent	  tracers	  will	  be	  covered,	  which	  includes	  (i)	  calibration	  of	  the	  grey	  scale	  values	  of	   images	  to	  determine	  the	  concentration	  of	  the	   fluorescent	   particles	   in	   solution,	   (ii)	   the	   absorption	   of	   fluorophore	  molecules	  into	  PDMS,	  and	  (iii)	  fluorescence	  photobleaching.	  	  3.1	  Fabrication	  of	  microfluidic	  devices	  	  	  Generally,	   the	   setup	   of	   the	  microfluidic	   device	   follows	   the	   standard	   process	   flow	  below:	  
• Design	  the	  microfluidic	  channel	  pattern	  with	  2D	  CAD	  software	  
• Fabricate	  a	  chrome	  photo	  mask	  with	  the	  channel	  pattern	  on	  it	  
• Pattern	   transfer	   from	   mask	   to	   silicon	   wafer	   by	   using	   photolithography	  technique	  
• Duplicate	  the	  channel	  pattern	  from	  wafer	  to	  PDMS	  layer	  
• Seal	  this	  PDMS	  layer	  with	  one	  other	  thin	  PDMS	  layer	  (refer	  to	  below	  Fig	  3.2	  (c)	  to	  make	  a	  closed	  fluidic	  channel	  	  
• Mount	   the	   PDMS	   channel	   onto	   a	   glass	   substrate	   to	   make	   permanent	  microfluidic	  devices	  	  	  3.1.1	  Photo	  mask	  design	  and	  fabrication	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We	  put	  our	  designs	  of	  microfluidic	  channel	  patterns	   into	  a	  5’’	  by	  5’’	  size	  of	  area	  in	  AutoCAD,	  for	  the	  ease	  of	  photo	  mask	  fabrication.	  A	  typical	  microfluidic	  device	  design	  includes	  inlet	  and	  outlet	  punch	  holes,	  an	  air	  pocket	  (blind	  side	  channel)	  for	  bubble	  trapping,	   and	  multiple	   channels	   for	   fluid	   flow.	   Then	  we	   send	   it	   to	   an	   outsourced	  company	  	  (Front	  Range	  Photomask,	  Co)	  to	  fabricate	  the	  chrome	  mask	  with	  designed	  patterns,	  typically	  10μm	  resolution.	  	  	  3.1.2	  Photolithography	  Lithography	  refers	  to	  the	  use	  of	  light	  to	  transfer	  a	  geometric	  pattern	  from	  a	  photo-­‐mask	   to	   a	   light-­‐sensitive	   chemical	   called	   photoresist,	   or	   simply	   resist,	   on	   the	  substrate.	  Because	  of	   its	   simplicity	  and	  cost	  effectiveness,	   related	   techniques	  have	  been	  well	  developed	  in	  the	  past	  decades	  and	  widely	  used	  in	  a	  broad	  area	  of	  Nano-­‐	  and	   micro-­‐fabrication.	   Our	   research	   group	   has	   used	   photolithography	   to	   make	  microfluidic	  device	  for	  years	  and	  12	  versions	  of	  mask	  design	  related	  to	  the	  present	  work	  have	  been	  made	  so	  far.	  	  The	  key	  component	   for	  photolithography	   is	   resist.	  Resist	   can	  be	  either	  positive	  or	  negative.	  Fig	  3.1	  below	  shows	  the	  schematic	  of	  pattern	  transfer	  from	  mask	  to	  silicon	  wafer	  process	  by	  using	  photolithography.	  	  
Fig	   3.1	   Schematic	   of	   pattern	   transfer	   from	   mask	   to	   silicon	   wafer	   process	   and	  comparison	  of	  negative	  and	  positive	  resists.	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Both	   positive	   and	   negative	   resist	   tones	   have	   their	   own	   unique	   properties	   and	  functions.	   Since	   negative	   tone	   photoresists	   are	   better	   for	   resolving	   isolated	   lines	  under	  UV	   light	  and	  also	  provide	  good	  adhesion	  to	  surfaces,	   for	  our	  application	  we	  used	  SU-­‐8,	  which	  is	  a	  widely	  used	  negative	  tone.	  	  	  	  A	  schematic	  protocol	  of	  making	  a	  single-­‐layer	  SU-­‐8	  substrate	  is	  as	  below	  
• Clean	  silicon	  wafer;	  	  It	  is	  optional	  for	  new	  wafers,	  but	  certainly	  required	  for	  re-­‐used	  silicon	  wafers	  to	  apply	  Radio	  Corporation	  of	  America	  Standard	  Cleaning	  Step	  One	  (RCA	  SC-­‐1).	  	  More	  about	  RCA	  cleaning	  http://en.wikipedia.org/wiki/RCA_clean.	  As	  for	  new	  wafers,	  cleaning	  with	  Acetone	  and	  rinsing	  with	  IPA	  (Isopropanol),	  followed	  by	  drying	  with	  nitrogen	  gas	  is	  generally	  sufficient.	  
• Dehydration	  of	  the	  wafer;	  Bake	  wafer	  at	  200C	  for	  at	  least	  15	  min.	  This	  step	  is	  important	  since	  moisture	  will	  cause	  SU-­‐8	  photoresist	  to	  come	  off	  from	  the	  silicon	  wafer	  during	  the	  later	  development	  step.	  
• Spincoat	  resist;	  Pour	  SU-­‐8	  to	  the	  center	  of	  the	  wafer	  and	  try	  to	  remove	  any	  observable	  bubbles.	  	  Per	  resist	  type	  and	  expected	  layer	  thickness	  one	  can	  find	  reference	  protocol	  sheets	  online.	  For	  instance,	  for	  spin	  coating	  SU-­‐8	  2050	  to	  a	  100	  microns	  thickness	  the	  spinning	  protocol	  is	  as	  follows:	  	  a. Ramp	  to	  500rpm	  at	  100r/s	  for	  10	  sec.	  b. Ramp	  to	  1700rpm	  at	  300r/s	  for	  40	  sec.	  c. Slow	  to	  0rpm	  for	  20	  sec.	  d. Edge	  bead	  removal	  with	  a	  blade	  
• Softbake;	  Rest	  the	  coated	  silicon	  wafer	  on	  an	  evenly	  leveled	  hot	  plate	  for	  0.5	  hours	  at	  40C,	  covered	  in	  a	  Petri	  dish.	  In	  order	  to	  achieve	  a	  uniform	  thickness	  cross	  the	  entire	  wafer	  we	   usually	   use	   a	   bubble	   level	   to	   check	   the	   leveling	   of	   the	   hot	  plate	  before	  baking.	  Then	  on	  the	  same	  hotplate,	  bake	  the	  wafer	  at	  65	  degrees	  
	   18	  
C	  for	  5	  to	  10	  minutes,	  ramp	  at	  1	  degree	  C/min	  to	  95	  degrees	  and	  keep	  for	  50	  to	  60	  minutes.	  Ramp	  down	  to	  60	  degree	  C	  at	  1C/min.	  Finally	  cool	  the	  wafer	  to	  room	  temperature	  and	  check	  whether	  the	  SU8	  photoresist	  is	  solid	  or	  still	  sticky	  with	  tweezers.	  
• Expose	  resists	  to	  UV	  illumination.	  Dose	  (mJ/cm2)	  requirements	  are	  resist	  dependent.	  Dose	  =	  intensity	  *time.	  Using	  our	  case	  as	  an	  example,	  normally	  the	  the	  dose	  required	  is	  about	  430	  mJ/cm2.	  Current	  intensity	  reading	  on	  the	  mask	  aligner	  is	  about	  20mW/	  cm2,	  hence	  needs	  21.5s	  exposure	  time.	  
• Post-­‐exposure	  bake;	  	  On	  a	  hot	  plate,	  Post	  Exposure	  Bake	  the	  wafer	  at	  65	  degrees	  for	  5	  min,	  ramp	  to	  95	  degrees	  for	  10	  min,	  then	  channel	  pattern	  should	  show	  up.	  Cool	  the	  wafer	  to	  room	  temperature	  and	  leave	  it	  for	  30	  minutes.	  
• Develop	  and	  hard	  bake;	  Pour	  SU-­‐8	  developer	  into	  a	  glass	  petri	  dish.	  Immerse	  the	  wafer	  into	  the	  developer	  and	  gently	  stir	  the	  liquid	  by	  moving	  the	  petri	  dish.	  For	  100	  micron	  thickness,	  develop	  in	  SU-­‐8	  Developer	  7	  to	  10	  min	  and	  use	  fresh	  IPA	  rinse	  to	  check	  the	  development.	  If	  there	  are	  undeveloped	  residues,	  rinsing	  with	  IPA	  will	  show	  white.	  Rinse	  with	  IPA	  thoroughly	  and	  dry	  with	  Nitrogen	  gas	  gently.	  
• Inspect	  the	  wafer;	  Check	  with	  optical	  microscope,	  if	  unclean	  features	  are	  observable,	  develop	  a	  little	  further	  and	  check	  
• Hardbake;	  After	   development,	   there	   are	   usually	   cracks	   near	   sharp	   corners	   due	   to	  stresses	   during	   fabrication.	   Hard	   baking	   will	   remove	   the	   cracks	   and	   also	  increase	  the	  mechanical	  strength.	  Bake	  the	  wafer	  on	  a	  hot	  plate	  at	  180	  degree	  for	  15	  minutes	  and	  let	  stand	  to	  cool	  to	  room	  temperature.	  
• Salinization	  of	  SU-­‐8	  mold;	  Typically	  use	  MVD	  (molecular	  vapor	  deposition)	  to	  coat	  a	  layer	  of	  FDTS	  (perﬂuorodecyltrichlorosilane)	  for	  later	  PDMS	  peeling	  off	  ease.	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  3.1.3	  Microfluidic	  device	  fabrication	  by	  using	  PDMS	  It	   is	   standard	   procedure	   to	   mix	   the	   two	   liquid	   components	   of	   PDMS	  (polydimethylsiloxane)	  as	  provided	  by	  Sylgard	  184,	  Dow	  Corning	  in	  a	  ratio	  of	  10:1.	  At	   room	   temperature,	   the	   mixture	   will	   solidify	   after	   about	   24-­‐48	   hours.	   After	  degassed	  with	  a	  vacuum	  chamber,	  we	  will	  pour	  mixed	  PDMS	  onto	   the	  SU-­‐8	  mold..	  When	   the	   PDMS	   consolidates,	   SU-­‐8	   resistance	   exists	   on	  wafer	   will	   form	   trenches	  into	   the	   PDMS	   cured	   layer	   thus	   duplicate	   the	   designed	   pattern	   from	  wafer	   to	   the	  matching	  part	  of	  PDMS.	  Next	  step	  is	  to	  punch	  the	  holes	  using	  a	  1.5mm	  Biopsy	  punch	  (Premier	   Uni-­‐Punch)	   into	   the	   substrate	   that	   will	   accommodate	   the	   inlet/outlet	  tubing.	   In	   order	   to	   seal	   the	   micro-­‐channel	   to	   get	   a	   closed	   channel,	   we	   bond	   this	  PDMS	   replica	   layer	   to	   a	   thin	   flat	   PDMS	   layer.	   After	   processing	   through	   surface	  treatment	  by	  corona	  discharger	  (Laboratory	  Corona	  Treater)	  and	  moderate	  heating	  (50C	   for	  2	  hours),	  we	  can	  effectively	  bond	  two	   layers	  of	  PDMS	  together	  and	  make	  the	   sealed	   channel.	   Then	   we	   perform	   a	   similar	   plasma	   treatment	   using	   former	  mentioned	  corona	  charger	  and	  soft	  baking	  process	  (50C	  for	  2	  hours)	  to	  bond	  PDMS	  layers	   to	   a	   permanent	   glass	   substrate	   to	   make	   a	   permanent	   device	   that	   can	   be	  mounted	   on	   microscope	   for	   experimental	   inspection.	   Fig	   3.2	   below	   is	   showing	   a	  schematic	  of	  the	  process	  we	  presented	  in	  this	  section.	  
	  Fig	   3.2	   Schematic	   of	   microfluidic	   device	   fabrication	   flow	   using	   PDMS:	   (a)	   Silicon	  wafer	   with	  micro-­‐channel	   pattern	   transferred	   on	   SU-­‐8	   (b)	   pouring	   and	   curing	   of	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PDMS	  onto	   silicon	  wafer	   (c)	   sealing	  PDMS	   replica	  with	   a	   flat	   thin	  PDMS	   layer	   (d)	  bond	   closed	   channel	   between	   PDMS	   layers	   onto	   glass	   substrate	   to	   make	   a	  permanent	  microfluidic	  device	  	  3.2	  General	  experimental	  setup	  3.2.1	  Typical	  H-­‐shape	  device	  	  Fig	   3.3	   (a)	   below	   is	   the	   3D	   schematic	   of	   a	   typical	  H-­‐shape	  microfluidic	   device	  we	  commonly	  use	  for	  our	  microfluidic	  experiments	  [1].	  Devices	  connect	  two	  inlets	  and	  two	  outlets	  to	  a	  main	  channel	  with	  a	  depth	  of	  D=100μm.	  In	  the	  top	  view	  shown	  in	  Fig	  3.3(b),	  the	  height	  in	  the	  image	  plane	  is	  H	  =	  250μm	  [2].	  One	  blind	  side	  channel	  is	  manufactured	  perpendicular	  to	  the	  main	  channel,	  typically	  with	  a	  width	  of	  w=80μm.	  “I”	  and	  “O”	  label	  inlets	  and	  outlets,	  respectively.	  	  Basically	  speaking,	  for	  a	  particle	  sorting	  application	  we	  infuse	  buffer	  solution	  from	  inlet#1	  (I1)	  and	  a	  particle	  suspension	  with	  typically	  two	  particle	  sizes	  from	  inlet#2	  (I2),	  respectively.	  Eventually	  we	  want	  to	  separate	  particles	  in	  such	  a	  way	  that	  larger	  sized	  particles	  will	  be	  preferentially	  collected	  at	  outlet#1	  (O1)	  while	  smaller	  sized	  particles	  will	  be	   released	   to	  outlet#2	   (O2).	   Since	  PDMS	   is	  a	  hydrophobic	  material,	  when	  buffer	  solution	  (typically	  24%	  w/w%	  glycerol	   in	  water)	   flows	   in,	  air	  will	  be	  trapped	  inside	  of	  the	  blind	  side	  channel	  and	  then	  slowly	  grow	  through	  diffusion	  into	  a	   bubble	   with	   a	   half-­‐cylindrical	   outline	   protruding	   into	   the	   main	   channel	   [1-­‐3].	  Typically	   the	   bubble	   radius	   is	   a=40μm	   and	   the	   bubble	   interface	   is	   close	   to	   semi-­‐cylindrical	  in	  shape	  when	  experiments	  are	  performed.	  The	  depth	  and	  height	  of	  the	  channel	  can	  be	  varied	  for	  different	  application	  purposes.	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Fig	  3.3	  Schematic	  of	   typical	  H-­‐shape	  device	   (a)	  3D	  schematic	  view	  of	  experiement	  setup	   [1]	   (b)	   2D	   top	   view	   of	   center	   focusing	   plane,	   “I”	   and	   “O”	   label	   inlets	   and	  outlets,	  respectively	  [2]	  	  3.2.2	  Equipment	  and	  materials	  	  Generally	  speaking,	  we	  are	  driving	  microfluidic	  flows	  by	  means	  of	  the	  oscillations	  of	  the	   above-­‐mentioned	   bubbles.	   The	   driving	   signal	   for	   oscillation	   is	   provided	   by	   a	  function	   generator	   (8075,	   Hioki,	   Japan)	   then	   transmitted	   by	   a	   piezo-­‐transducer	  (Physik	   Instrumente,	   Germany).	   Normally	   the	   piezo-­‐transducer	   is	   soldered	   on	   a	  second	   piece	   of	   glass	   substrate	   to	   have	   a	   modular	   set-­‐up.	   Before	   conducting	   the	  experiment,	  we	  use	  common	  binder	  clips	  to	  clamp	  together	  the	  microfluidic	  device	  and	   the	   glass	   substrate	  with	   the	   piezo-­‐transducer.	  We	   use	   several	   syringe	   pumps	  (PHD	   Ultra,	   Harvard	   Apparatus)	   to	   infuse/withdraw	   liquid	   solution	   from	   the	  multiple	   inlet/outlets	   as	   shown	   in	   Fig	   3.3	   (b).	   Note	   that	   the	   infuse/withdraw	  function	  is	  controlled	  by	  setting	  a	  constant	  flow	  rate.	  Normally	  the	  flow	  rate	  we	  have	  used	  in	  experiments	  varies	  in	  the	  range	  from	  0.5μL/min	  to	  100μL/min.	  By	  knowing	  the	   volumetric	   flow	   rate	   and	   micro-­‐channel	   cross-­‐sectional	   area,	   we	   can	   simply	  calculate	   the	   mean	   Poiseuille	   flow	   speed.	   When	   performing	   the	   experiment,	   the	  microfluidic	  device	  is	  mounted	  onto	  a	  movable	  microscope	  stage,	  and	  illuminated	  by	  a	   halogen	   source	   (TH4-­‐100,	   Olympus)	   for	   transmitted-­‐light	   bright-­‐field	  micrographic.	   In	  addition,	   a	  mercury	  vapor	   lamp	   is	  also	   integrated	   for	   fluorescent	  microscopy.	   The	   inverted	  microscope	   (IX71,	   Olympus)	   we	   use	   for	   inspection	   has	  objective	   lens	   magnifications	   of	   4x,	   10x,	   20x	   and	   40x.We	   commonly	   use	   20x	  objective	   lens,	   which	   has	   been	   calibrated	   as	   0.975	   pixel	   converted	   to	   1μm	   real	  
(b)	  (a)	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distance.	   For	   ease	   of	   calculation,	  we	   roughly	  use	  1	  pixel	   to	  1μm	  conversion	  when	  derive	  distance/velocity	  etc.	  A	  high-­‐speed	  camera	  (Phantom	  v310,	  Vision	  Research,	  USA)	   is	   integrated	   into	   the	   microscope	   set-­‐up	   to	   capture	   a	   wide	   range	   of	   high-­‐resolution	  images	  or	  videos	  ranging	  from	  24fps	  up	  to	  beyond	  100kfps.	  This	  camera	  is	  a	  powerful	  tool	  for	  capturing	  high-­‐speed	  video	  information	  of	  bubble	  dynamics	  as	  well	   as	   particle	   motion.	   	   Fig	   3.4	   below	   is	   a	   high-­‐level	   schematic	   of	   the	   entire	  experiment	  setup	  and	  also	  a	  snapshot	  of	  real	  experimental	  conditions.	  	  
	  Fig	  3.4	  Schematic	  and	  snapshot	  image	  of	  entire	  experimental	  setup.	  	  	  The	  materials	  we	  use	  for	  the	  experiments	  in	  this	  thesis	  are	  mainly	  as	  below:	  
• Buffer	  solution:	  24%	  w/w	  Glycerol	  water	  to	  match	  the	  density	  of	  suspended	  particles	   (1.05g/ml)	   +	   1%	   of	   surfactant	   Tween	   20	   (Fisher	   Scientific)	   to	  prevent	  particle	  aggregation	  	  
• Carboxylate-­‐modified	  polystyrene	  microspheres	   (Thermal	  Fisher).	  We	  have	  used	  various	  sizes	  with	  diameters	  of	  10μm,	  5μm,	  2μm,	  1μm,	  and	  100nm	  
• Medium	  for	  biological	  samples:	  DT	  (dextrintryptone)	  media,	  PBS	  (Phosphate-­‐
buffered	  saline)	  media	  
• Biological	  samples:	  Sulfolobus	  Islandicus	  cells,	  Sulfolobus	  Spindle-­‐shaped	  Virus	  (SSV),	  E-­‐coli	  (Escherichia	  coli)	  cells,	  Lambda	  virus	  provided	  by	  Dr.	  Whitaker’s	  team	  of	  the	  MCB	  department,	  U	  of	  Illinois	  Urbana-­‐Champaign.	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• Fluorescent	   dye	   (fluorescein	   disodium	   C20H10Na2O5,	   molecular	   weight	   of	  376.27g/mol,	  diluted	  to	  a	  concentration	  of	  6.44ppm)	  	  3.2.3	  Software	  	  After	  capturing	  the	  movies	  at	  different	  frame	  rates	  by	  high-­‐speed	  camera	  and	  saving	  the	   video	   files,	   we	   use	   the	   software	   ImageJ	   to	   analyze	   the	   video	   frame	   by	   frame.	  Several	  functions	  of	  ImageJ	  we	  commonly	  use	  are	  listed	  below.	  a.	  Streakline	  image.	  	  By	   superimposing	   a	   series	   of	   consecutive	   images,	   we	   can	   obtain	   the	   particle	  trajectory	  and	  thus	  record	  the	  streakline.	  This	  is	  widely	  used	  when	  showing	  the	  flow	  pattern	  as	  well	  as	  for	  particle	  tracking	  with	  low	  particle	  concentration.	  	  b.	  Particle	  tracking.	  	  We	  use	  both	  MtrackJ	  and	  Mtrack2	  for	  the	  purpose	  of	  particle	  tracking.	  	  (i)	  MtrackJ	  is	  a	  manual	  object	  tracking	  plug-­‐in,	  which	  facilitates	  manual	  tracking	  of	  moving	  objects	  in	  image	  sequences	  and	  the	  measurement	  of	  track	  statistics.	  Object	  positions	   are	   manually	   determined	   by	   users	   in	   sequential	   frames	   (or	   other	  determined	  frame	  interval	  times)	  and	  then	  particle	  coordinates	  can	  be	  recorded.	  	  	  We	  use	  MtrackJ	  because	   it	  allows	   for	  manual	  verification	  of	   the	  particle	   trajectory	  and	  it	  won’t	  need	  any	  input	  parameters	  to	  constrain	  particle	  size	  or	  speed.	  However	  the	  downside	  is	  it	  can	  be	  used	  to	  only	  track	  one	  particle	  at	  once	  (time	  consuming)	  and	  if	  the	  particle	  size	  is	  too	  small	  (typically	  less	  than	  5μm	  diameter)	  or	  the	  speed	  is	  too	  slow,	  because	  one	  particle	  position	  in	  two	  sequential	  frames	  are	  so	  close	  there	  is	  a	   high	   risk	   of	   obtaining	   erroneous	   coordinates	   through	   the	   manual	   object	  identification	  procedure.	  	  	  (ii)	  Mtrack2	  is	  an	  automatic	  object	  multi-­‐tracker,	  which	  can	  track	  a	  large	  number	  of	  particles	   simultaneously.	   Mtrack2	  will	   detect	   the	   objects	   in	   each	   frame,	   and	   then	  determine	  which	  objects	  in	  successive	  frames	  are	  closest	  together.	  If	  the	  distance	  of	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one	   object	   in	   two	   successive	   frames	   is	   within	   a	   user-­‐defined	   distance	   (calculated	  from	  the	  maximum	  velocity	  of	  the	  objects)	  then	  this	  object	  will	  be	  tracked.	  	  	  The	   advantage	   of	   using	   Mtrack2	   is	   that	   for	   a	   large	   number	   of	   particles,	   this	   can	  speed	   up	   the	   tracking	   efficiency	   considerably.	   And	  with	   the	   resulting	   output	   in	   a	  dataset,	  we	  can	  use	  MATLAB	  to	  run	  a	  simple	  script	  to	  perform	  post	  data	  processing.	  The	  disadvantage	  is	  when	  using	  MtrackJ,	  users	  manually	  determine	  object	  positions	  and	  don’t	  need	   to	   initially	   identify	   the	   characteristics	  of	   object	  particles.	  However	  for	  Mtrack2	  we	  have	  to	  make	  binary	  images	  by	  a	  proper	  grey	  scale	  value	  threshold,	  which	  will	   run	   the	   risk	   to	   detect	   too	  many	   or	   too	   few	   particles.	   Also,	  we	   need	   to	  specify	  some	  input	  parameters	  as	  a	  constant	  value	  along	  the	  entire	  video,	  e.g.	  object	  size,	  velocity,	  track	  length,	  which	  might	  be	  hard	  to	  determine	  when	  the	  flow	  field	  is	  complex	  and	  the	  particle	  concentration	  is	  high	  (statistical	  distance	  from	  particle	  to	  particle	   is	   smaller	   than	   the	   movement	   distance	   between	   two	   frames).	   We	   will	  describe	   applications	   in	   later	   chapters	   using	   these	   two	   plug-­‐ins	   to	   track	   particles	  and	  extrapolate	  their	  coordinates	  and	  speed.	  	  	  c.	  Fluorescent	  video/image	  analysis.	  	  ImageJ	  can	  be	  used	  for	  fluorescent	  grey	  scale	  value	  measurement,	  profile	  checking,	  and	   adjusting	   brightness/contrast,	   procedures	   that	   are	   widely	   used	   in	   our	  fluorescent	   microscopy	   experiment.	   More	   detail	   will	   be	   discussed	   in	   section	   3.4	  below.	  	  	  3.3	  Bubble	  size	  control	  It	   has	   been	   systematically	   discussed	   [1]	   how	   bubble	   geometry	   affects	   bubble	  dynamics	  and	  steady	  flow	  patterns.	  	  It	  is	  obvious	  that	  bubble	  resonance	  frequencies	  will	   be	   changed	   for	   different	   bubble	   curvature	   and	   size.	   Essentially	   speaking,	  stronger	   streaming	   flows	   occur	   with	   a	   flatter	   bubble	   interface	   for	   fixed	   driving	  frequency	   and	   voltage.	   If	   we	   want	   to	   explore	   bubble	   streaming	   for	   sorting	  applications,	   as	  we	  will	  discuss	   in	   chapter	  5,	  we	  need	   to	  maintain	   the	  bubble	   size	  and	  shape	  to	  be	  relative	  stable	  for	  about	  30	  minutes	  to	  keep	  the	  bubble	  dynamics	  as	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well	  as	  the	  streaming	  flows	  reproducible	  and	  under	  control.	  Marmottant	  et	  al.	  [17-­‐18]	  have	  shown	  that	  adjusting	  the	  air	  concentration	  in	  the	  liquid	  can	  control	  bubble	  size	   to	   a	   certain	   extent.	   In	   our	   experiment,	   the	   solution	   inside	   of	   the	   channel	   is	  heated	  by	  the	  illumination	  of	  the	  microscope.	  Generally	  speaking	  we	  are	  controlling	  the	   temperature	   to	   adjust	   the	   relative	   gas	   concentration	   in	   solution	   against	   the	  pressure	   inside	   the	   bubble	   pocket	   [1].	   Besides	   adjusting	   the	   lab	   ambient	  temperature,	  practically	  we	  have	  used	  the	  following	  ways	  to	  control	  bubble	  size.	  	  1. Pre-­‐heat	  the	  solution.	  	  Latex	   particles	   are	   stored	   in	   our	   lab	   refrigerator	   (4°C	   and	   dark)	   to	   maintain	  fluorescent	   signal.	   It	   is	   known	   that	   more	   air	   is	   dissolved	   in	   water	   at	   lower	  temperature.	   Therefore,	   before	   infusing	   solution	   into	   the	   device,	  we	   can	   pre-­‐heat	  the	  particle	  solution	  to	  room	  temperature	  or	  even	  higher	  to	  achieve	  a	  slight	  super-­‐saturation	  of	  air.	  This	  has	  been	  proved	  effective	   to	  maintain	  a	  more	  stable	  bubble	  for	  a	  longer	  time	  (can	  last	  more	  than	  30min	  against	  commonly	  10min	  long).	  	  2. Adjust	  PDMS	  surface	  temperature.	  	  We	  build	  a	  chamber	  outside	  the	  PDMS	  device	  by	  using	  spare	  PDMS	  material.	  When	  the	  bubble	  size	  is	  found	  to	  be	  increasing	  too	  fast	  or	  already	  larger	  than	  a	  half	  circle	  in	   cross	   section	   (2D	   top	   view	   referring	   to	   Fig	   3.3(b)),	   we	   pour	   a	   volume	   of	   cold	  water	  inside	  of	  the	  PDMS	  reservoir	  (Fig	  3.5(b)).	  It	   is	  observed	  that	  the	  bubble	  size	  shrinks	   dramatically	   afterwards.	   Conversely,	   when	   we	   notice	   that	   bubble	   size	  shrinks	   too	   much,	   we	   can	   use	   a	   soldering-­‐iron	   tip	   to	   carefully	   touch	   the	   PDMS	  sidewall	   for	   a	   few	   seconds,	   and	   the	   bubble	   will	   grow	   faster	   due	   to	   the	   resultant	  heating.	  	  	  	  3.	  When	  the	  bubble	  portion	  extruded	  outside	  of	  the	  side	  channel	  is	  larger	  than	  a	  half	  circle	  (in	  2D	  top	  view,	  refer	  to	  Fig	  3.3(b)),	  we	  can	  also	  adjust	  the	  syringe	  pump	  to	  infuse	   fluid	  with	  a	  much	  higher	   flow	  rate	   to	   compress	   the	  bubble	  by	  virtue	  of	   the	  higher	   hydrodynamic	   pressure.	   This	   also	   inspired	   the	   approach	   that	   bubble	   size	  control	   can	   be	   also	   achieved	   by	   controlling	   the	   pressure	   around	   bubble	   inside	   of	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channel.	  Volk	  et	   al.’s	   [62]	   recent	  work	  has	   systematically	  proved	   this	   concept	   and	  we	  are	  planning	  to	  implement	  this	  technique	  into	  our	  system	  in	  future.	  	  	  To	   summarize,	   by	  manually	   adjusting	   the	   temperature	   of	   the	   solution	   before	   and	  during	   the	  experiment,	  we	  can	  control	   the	  bubble	  size	   to	  keep	   it	   stable	  with	  good	  accuracy	  for	  about	  one	  hour,	  sufficient	  to	  conduct	  the	  experiments	  described	  in	  this	  thesis.	  	  	  	  	  	  	  	  	  Fig	  3.5	  Snapshot	  of	  a	  micro-­‐bubble	  at	  several	  time	  points	  after	  filling	  of	  the	  channel	  	  (a)	   t0	   (b)	   t0+1min,	   (c)	   t0+3min,	   (d)	   t0+6min;	   (e)	   PDMS	   reservoir	   for	   bubble	   size	  control	  	  	  3.4	  Fluorescence	  experiments	  In	   this	   section	   we	   are	   going	   to	   discuss	   some	   issues	   we	   encountered	   when	  conducting	  fluorescent	  microscopy	  experiments.	  	  	  3.4.1	  Calibration	  of	  grey	  scale	  value	  to	  fluorescent	  particle	  concentration	  When	  conducting	  experiments	  using	  100nm	  particles,	   since	   the	  highest	   resolution	  of	  our	  microscope	  is	  approximate	  500nm/pixel	  when	  applying	  a	  40x	  magnification	  objective	  lens,	  we	  cannot	  directly	  count	  individual	  100nm	  particles	  the	  same	  way	  as	  micron-­‐scale	   particles.	   Instead	   we	   rely	   on	   the	   particles’	   fluorescent	   signal;	  physically	   the	   number	   of	   fluorophores	   should	   be	   proportional	   to	   the	   light	   signal	  intensity,	   in	   other	   words	   the	   concentration	   of	   the	   100nm	   solution	   should	   be	  proportional	  to	  the	  grey	  scale	  value	  under	  fixed	  illumination	  conditions,	  (for	  not	  too	  
(a)	   (b)	  
(c)	   (d)	  
(e)	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high	   concentrations).	   We	   determined	   a	   calibration	   curve	   to	   convert	   grey	   scale	  values	  (GSV)	  to	  solution	  concentration.	  	  	  We	  have	  used	  three	  different	  ways	  to	  calibrate	  GSV	  vs.	  concentration.	  	  a)	  In-­‐channel	  calibration	  	  A	   grey	   scale	   digital	   image	   is	   an	   image	   in	  which	   the	   value	   of	   each	  pixel	   is	   a	   single	  number,	   carrying	   intensity	   information.	   Images	   of	   this	   sort	   are	   composed	  exclusively	  of	  shades	  of	  gray,	  varying	  from	  black	  at	  the	  weakest	  intensity	  to	  white	  at	  the	   strongest.	   The	   typical	   representations	   attribute	   the	   value	   0	   to	   black	   and	   the	  maximum	  value	  of	  255	  to	  white,	  with	  any	  fractional	  GSV	  in	  between[63].	  	  When	   we	   import	   a	   grey	   scale	   digital	   image	   into	   ImageJ,	   we	   can	   measure	   the	  arithmetic	   mean	   of	   the	   grey	   scale	   value	   of	   the	   selected	   area	   of	   pixels.	   Before	  fluorescent	  particles	  flow	  in,	  we	  select	  a	  rectangular	  area	  inside	  of	  the	  channel	  and	  measure	  the	  mean	  GSV	  of	  this	  area	  of	  pixels,	  recorded	  as	  “background	  GSV”.	  When	  infusing	   the	   fluorescent	  100nm-­‐particle	  solution	   into	   the	  channel,	  we	  measure	   the	  mean	  GSV	  at	  the	  same	  area	  again.	   If	  we	  subtract	  the	  channel	  background	  from	  the	  current	  mean	  GSV,	  we	  obtain	  the	  real	  mean	  GSV	  as	   induced	  by	   fluorescent	  100nm	  particles.	  By	  infusing	  100nm	  solutions	  with	  different	  concentration,	  we	  can	  get	  the	  corresponding	  GSV	  and	  acquire	  a	  calibration	  curve,	  as	  shown	  below.	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Fig	   3.6	   GSV	   vs.	   concentration	   of	   100nm	   fluorescent	   latex	   particles	   under	   9000𝜇s	  exposure	   in	   channel	   calibration.	   Note	   that	   GSV	   values	   are	   after	   subtracting	   the	  background.	  	  	  b)	  Spacer	  method	  calibration	  Since	   we	   are	   collecting	   samples	   from	   outlets	   for	   some	   applications,	   we	   want	   to	  explore	   a	   comprehensive	  method	   to	   calibrate	   the	  GSV	  outside	  of	   the	   channel.	  The	  challenge	   is	   the	   need	   to	   accurately	   control	   the	   amount	   of	   particles	   contained	   in	   a	  defined	  field	  of	  view	  for	  a	  constant	  concentration	  sample.	  This	  inspired	  us	  to	  make	  a	  thin	   “channel”	   outside	   of	   the	   microfluidic	   device	   but	   with	   well-­‐controlled	   height.	  	  We	  choose	  to	  use	  a	  very	  thin	  coverslip	  (100𝜇𝑚	  thickness)	  as	  spacer	  to	  make	  a	  thin	  liquid	  film.	  The	  process	  to	  make	  the	  film	  is	  (i)	  Clean	  up	  a	  glass	  substrate,	  drop	  two	  water	  droplets	  onto	  the	  surface;	  (ii)	  Place	  two	  coverslips	  on	  top	  of	  droplet	  in	  such	  a	  way	  that	  the	  gap	  between	  two	  coverslips	  is	  normally	  several	  millimeters;	  (iii)	  Use	  lighter	  to	  warm	  the	  region	  of	  coverslip	  to	  bond	  coverslip	  to	  glass	  substrate	  more	  firmly;	  (iv)	  Use	  a	  micro-­‐liter	  pipette	  to	  drop	  the	  particle	  solution	  into	  the	  gap	  between	  two	  coverslip.	  Ideally	  liquid	  shouldn’t	  leak	  underneath	  the	  coverslips;	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(v)	  Put	  another	  coverslip	  on	  top	  of	  the	  liquid	  film,	  then	  use	  two	  clamps	  near	  the	  two	  openings	  of	  the	  film	  to	  fix	  the	  assembly.	  Final	  assembly	  looks	  as	  Fig.3.7	  below.	  
Fig	  3.7	  Fabricate	  thin	  film	  layer	  using	  coverslips	  as	  spacers;	  film	  thickness	  ~100𝜇𝑚.	  	  	  Similarly,	   if	   we	   prepare	   different	   concentrations	   of	   particle	   solution	   and	   make	   a	  series	  of	  such	  films,	  we	  can	  again	  obtain	  a	  GSV	  vs.	  concentration	  calibration	  curve,	  as	  shown	   in	  Fig	  3.8.	  Notice	   that	   for	  Fig	  3.8b	  here	  we	  are	  using	   longer	  exposure	   time	  length	   to	   compensate	   for	   lower	   solution	   concentration	   which	   is	   10	   times	   less	  compare	   to	   Fig	   3.8a,	   respectively.	   Not	   surprisingly,	   the	   slope	   is	   also	   roughly	   10	  times	   greater	   under	   approximately	   10	   times	   longer	   exposure,	  which	   convinces	   us	  that	  the	  calibration	  curve	  by	  this	  method	  is	  consistent	  with	  the	  previous.	  Also,	  if	  we	  compare	   Fig	   3.8	   (a)	   to	   Fig	   3.6,	   for	   which	   we	   used	   the	   same	   series	   of	   solution	  concentrations	  calibrated	  by	  two	  different	  methods,	  we	  also	  notice	  that	  the	  slope	  of	  linear	   regression	   is	   consistently	   close	   to	   each	   other	   (870.86	   vs.	   881.91),	   which	  further	   convince	   us	   these	   two	   calibration	   concepts	   functional	   work	   well.	   Note,	  however,	  that	  the	  exposure	  time	  in	  Fig	  3.6	  is	  9000μs	  while	  in	  Fig	  3.8	  (a)	  is	  3000μs,	  while	  the	  GSV	  under	  the	  same	  illumination	  and	  concentration	  is	  similar.	  This	  might	  be	  due	  to	  imperfect	  optical	  quality	  of	  the	  PDMS	  channel	  as	  opposed	  to	  the	  coverslip	  cell.	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Fig	   3.8.	   GSV	   vs.	   100nm	   fluorescent	   latex	   particle	   calibration	   by	   means	   of	   spacer	  method	  (a)	  higher	  concentration	  solutions	  under	  3000𝜇s	  exposure	  time;	  (b)	  lower	  concentration	  solutions	  under	  41000𝜇s	  exposure	  time.	  	  The	  merit	  of	  this	  method	  is	  that	  using	  it	  we	  can	  quantify	  the	  solution	  concentration	  after	   collection,	   which	   is	   closer	   to	   the	   real	   condition	   of	   application	   of	   biological	  sample	  sorting	  we	  will	  discuss	   in	  Chapter	  5.	  Moreover	  the	  GSV	  distribution	  across	  the	   entire	   film	   is	   very	   uniform,	   which	   results	   in	   higher	   calibration/measurement	  accuracy.	   In	   Fig.3.9	   below	   are	   experimental	   snapshots	   captured	   under	   different	  concentration	  conditions.	  	  
	  Fig	   3.9	   Images	   of	   calibration	   films	   in	   the	   central	   focusing	   plane	   (50um	   from	   the	  substrate)	  of	  the	  field	  of	  view	  pointed	  out	   in	  Fig	  3.7.	  From	  top	  left	   to	  bottom	  right	  concentration	  dropped	  from	  0.25%	  to	  0.025%	  as	  indicated	  in	  Fig	  3.8	  (a).	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c)	  Square-­‐capillary	  tube	  calibration	  Since	  our	  objective	   is	   to	  make	  a	  uniform	   thin	   layer	  of	   fluid,	   it’s	   even	  easier	   to	  use	  commercially	  available	  transparent	  flat	  tubing,	  which	  has	  better	  control	  of	  diameter	  and	   thus	   liquid	   layer	  height.	  One	  of	   the	   candidates	  we	  used	   is	  borosilicate	   square	  capillary	  tubing	  (OD	  0.1mm	  and	  wall	  thickness	  0.03mm).	  	  Due	  to	  the	  capillary	  effect,	  the	   solution	  will	   be	   automatically	   sucked	   into	   the	   tubing	  upon	   contact.	  The	   figure	  below	  shows	  a	  diagram	  of	  the	  tubing	  and	  how	  the	  solution	  in	  the	  tubing	  looks	  under	  fluorescent	  microscopy.	  
	  Fig	   3.10	   (a)	   Commercial	   squared	   capillary	   tubing	   for	   100nm	   particle	   calibration,	  refer	   to	   Fig	   3.11	   below;	   (b)	   Experimental	   snapshot	   of	   100nm-­‐particle	   solution	   in	  capillary	   tubing	   under	   fluorescent	   microscopy	   front	   of	   view.	   Highlighted	   area	   is	  inside	  of	  channel	  and	  used	  for	  GSV	  measurement.	  	  	  As	  we	  can	  visually	  distinguish,	  the	  GSV	  value	  inside	  the	  tube	  is	  not	  as	  uniform	  as	  in	  the	   last	   method.	   This	   could	   be	   due	   to	   (i)	   the	   glass	   itself	   not	   being	   perfectly	  transparent	  and	  (ii)	  the	  wall	  thickness	  not	  being	  perfectly	  uniform	  across	  the	  entire	  tubing.	  Though	  not	  ideal,	  we	  can	  still	  choose	  a	  small	  portion	  of	  area	  in	  the	  middle	  of	  the	   tubing	   to	   quantify	   GSV	   with	   respect	   to	   different	   solution	   concentration,	   as	  highlighted	  in	  Fig	  3.10(b).	  The	  calibration	  results	  are	  as	  follows.	  
(a)	   (b)	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  Fig	  3.11	  GSV	  vs.	  100nm	  fluorescent	  latex	  particle	  calibration	  using	  square-­‐capillary	  tubing	   (a)	   higher	   concentration	   solution	   under	   3000𝜇s	   exposure	   time	   (b)	   lower	  concentration	  solution	  under	  41000𝜇s	  exposure	  time.	  	  d)	  Summary	  of	  three	  calibration	  methods	  
Method	   linear	  fit	  slope	   calibration	  location	   cost	   collection	   volume	  need	   comment	  In-­‐channel	   870.86	   In-­‐situ	   Low	   N/A	   PDMS	  impact	  Spacer	   881.91	   outside	   Moderate	   1-­‐10uL	   Leakage	   may	  happen	  Capillary	  tubing	   878.67	   outside	   High	   1uL	   Golden	  sample	  	  Table	  3.1.	  Comparison	  of	  three	  calibration	  methods	  for	  100nm	  particle	  concentration	  to	  GSV;	  9000𝜇s	  exposure	  time	  for	  In-­‐channel	  case	  and	  3000𝜇s	  for	  other	  two.	  Golden	  sample	  means	  it	  can	  be	  tested	  and	  received	  a	  high	  standard	  review	  for	  a	  long	  time	  use.	  	  Fist	   of	   all,	   all	   three	   methods	   ultimately	   give	   consistent	   calibration	   results	   under	  equal	   exposure	   times	   since	   the	   final	   linear	   fit	   slopes	   are	   very	   close.	   As	   Table	   3.1	  above	  shows,	  each	  calibration	  concept	  has	  pros	  and	  cons	  against	   to	  others	  so	   that	  the	  overall	  best-­‐suited	  method	  is	  really	  dependent	  on	  the	  application.	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For	   in-­‐channel	   calibration,	   the	   main	   advantage	   is	   that	   this	   provides	   an	   in-­‐situ	  measurement.	   But	   the	   disadvantages	   of	   using	   this	   method	   are	   (i)	   the	   GSV	  distribution	   inside	   of	   the	   channel	   is	   not	   uniform	   even	   in	   a	   straight	   channel	   since	  PDMS	   is	   not	   perfectly	   transparent	   so	   that	   light	   reflection	   affects	   the	   fluorescence	  signal	  by	  local	  channel	  conditions	  and	  geometry;	  (ii)	  When	  a	  device	  has	  been	  used	  for	   a	   while,	   some	   fluorophores	   can	   diffuse	   outside	   of	   the	   channel	   and	   into	   the	  substrate,	  and	  thus	  increase	  the	  background	  GSV,	  which	  will	  make	  the	  channel	  look	  blurry,	  and	  reduce	  the	  dynamic	  range	  and	  accuracy	  of	  the	  mean	  GSV	  measurements.	  	  As	   for	   spacer	   method,	   the	   main	   attraction	   is	   GSV	   distribution	   among	   the	   entire	  measurement	  area	  is	  most	  uniform	  compared	  to	  other	  two	  methods,	  which	  leads	  to	  lower	   calibration	   system	   error.	   However,	   when	   collecting	   a	   very	   small	   sample	  volume,	  it	  might	  not	  contain	  enough	  fluid	  to	  make	  a	  uniform	  film.	  Sometimes,	  liquids	  also	  might	  be	  able	   to	   leak	   into	   the	  gap	  between	  spacers	  and	  glass	   substrate	   if	  not	  firmly	  bonded,	  which	  will	  exacerbate	  this	  problem.	  	  	  Come	  to	  capillary	  tubing	  calibration,	  the	  advantages	  of	  this	  method	  are	  (i)	   it	   is	  the	  simplest	   way	   to	   calibrate	   and	   quantify	   the	   solution	   concentration;	   (ii)	   the	  calibration	  sample	  can	  be	  stored	  for	  a	  longer	  time	  if	  using	  wax	  or	  similar	  material	  to	  seal	  the	  tube	  openings;	  (iii)	  only	  a	  very	  small	  quantity	  of	  solution	  (<1𝜇𝑙)	  is	  needed,	  which	  is	  convenient	  to	  minimize	  impact	  on	  sampling.	  The	  main	  disadvantage	  might	  be	  the	  lowest	  cost	  effectiveness.	  	  	  3.4.2	  Fluorophore	  molecule	  absorption	  into	  PDMS	  As	  we	   have	   discussed	   in	   detail	   in	   the	   last	   section,	   it	   is	   obvious	   that	   the	   accurate	  measurement	   of	   the	   absolute	   GSV	   is	   the	   key	   point	   to	   calculate	   the	   corresponding	  solution	  concentration	  by	  using	  the	  calibration	  curve.	  However,	  it	  has	  been	  noticed	  during	  our	  experiments	   that	  when	  a	   fluorescent	  solution	  has	  been	   in	  contact	  with	  the	  device	   for	  a	  while,	  some	  fluorescent	  signal	  will	  also	  be	  detected	  outside	  of	   the	  channel	  in	  the	  enclosed	  area	  of	  PDMS,	  which	  will	  influence	  the	  image	  quality	  (blurry	  images)	  and	  change	  the	  background	  GSV.	  In	  recent	  years,	  several	  publications	  have	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focused	   on	  molecule	   absorption	   into	   PDMS	  material,	   and	   experimental	   as	  well	   as	  quantitative	  analysis	  has	  been	  done	   to	  approach	   this	   issue	   [64-­‐65].	  Practically,	  we	  also	   noticed	   that	   by	   adding	   the	   surfactant	   Tween	   20	   to	   the	   particle	   solution,	   this	  fluorescent	   signal	  uptake	  outside	  of	   the	   channel	  happens	  much	  more	  quickly.	  The	  comparison	  of	   fluorescent	  signal	  with	  and	  without	  surfactant	   is	   shown	   in	  Fig	  3.12	  below.	  
	  Fig	   3.12	   Fluorescent	   images,	   concentration	   0.1%	  w/w,	   both	   images	   taken	   10min	  after	  fluorescent	  solution	  infused	  into	  channel	  and	  with	  equal	  exposure	  times;	  (left):	  without	  surfactant,	  good	  contrast	  of	  inside	  channel	  against	  background	  (right):	  with	  surfactant,	  0.1%	  Tween	  20	  added,	  the	  entire	  PDMS	  layer	  looks	  blurry,	  with	  strongly	  reduced	  contrast.	  	  We	   also	   have	   tried	   other	   surfactants	   like	   sodium	   dodecyl	   sulfate,	   but	   the	   results	  were	  similar	  to	  using	  Tween	  20.	  	  	  We	  can	  speculate	   in	  order	   to	  explain	   this	  kind	  of	  effect.	  Knowing	   that	   initially	   the	  fluorophore	  dyes	  are	  enclosed	  inside	  of	  the	  polystyrene	  beads,	  when	  microspheres	  are	   exposed	   to	   certain	   solvents	   it	   can	   cause	   them	   to	   swell	   and	   release	   their	   dyes.	  Even	   beyond	   that,	   if	   the	   solution	   invades	   PDMS	   by	   capillary	   suction,	   this	   process	  might	  be	  facilitated	  by	  reduction	  of	  surface	  tension	  due	  to	  the	  surfactant	  added.	  Due	  to	  this	  finding	  that	  fluorescent	  signal	  detection	  is	  affected	  by	  adding	  surfactant,	  we	  eventually	   decided	   not	   to	   use	   surfactant	   for	   fluorescence	   experiments	   in	   order	   to	  have	  a	  clearer	  GSV	  signal	   for	  determination	  of	  particle	  concentration.	  However,	  as	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the	  surfactant	  was	  initially	  added	  to	  prevent	  clustering	  of	  the	  particles,	  this	  may	  also	  possibly	  lead	  to	  issues	  related	  to	  100nm	  particles	  clustering.	  	  	  3.4.3	  Fluorescent	  photo	  bleaching	  	  Fluorescent	   photo	   bleaching	   is	   another	   well-­‐known	   limitation	   in	   fluorescent	  experiments	   [66-­‐68].	   We	   encounter	   this	   issue	   when	   using	   disodium	   fluorescein	  aqueous	   solution	   to	   quantify	   the	   diffusion	   effect	   described	   later	   in	   Chapter	   4.7.	  Saylor	  et	  al.	  [66]	  have	  demonstrated	  that	  significant	  photo	  bleaching	  occurs	  on	  the	  millisecond	   time	   scale,	   resulting	   in	   a	   large	   decrease	   in	   the	   fluorescence	   signal	  emanating	  from	  a	  constant	  concentration	  sample.	  Some	  other	  publications	  have	  also	  demonstrated	   that	   photo	   bleaching	   is	   influenced	   by	   irradiation	   intensity	   and	   dye	  concentration	   explicitly	   [67-­‐68].	   Typically	   the	   half-­‐life	   of	   photo	   bleaching	   is	   from	  10ms-­‐100ms.	  This	   is	  consistent	  with	  our	  experimental	   finding	  that	  the	  half-­‐life	   for	  photo	   bleaching	   is	   less	   than	   1s	   under	   our	   lab	   illumination	   conditions.	   In	   order	   to	  capture	  the	  correct	  GSV	  before	  photo	  bleaching	  plays	  an	  important	  role,	  during	  the	  experiment	  we	   start	   recording	   the	   video	   before	   the	  UV	   illumination	   is	   turned	   on.	  Then	  we	  open	   the	   aperture	  while	   the	  high-­‐speed	   camera	   is	   capturing	   images.	   For	  later	  video	  processing,	  we	  use	   the	   first	   several	   frames,	  which	  has	   the	  highest,	   and	  also	  constant,	  GSV,	  to	  do	  the	  quantification	  work	  so	  that	  we	  can	  minimize	  the	  impact	  of	  photo	  bleaching	  on	  the	  experiment	  result.	  	  	  With	   this	   careful	   preparation	   of	   the	   experimental	   setup,	   we	   move	   forward	   to	  discussing	   in	   the	   following	   two	   chapters	   the	   applications	   of	   bubble	   streaming	  towards	  micro-­‐	  and	  nano-­‐scale	  particle	  sorting,	  as	  well	  as	   the	  sorting	  of	  biological	  cells	  vs.	  viruses.	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Chapter	  4:	  Bubble	  streaming	  towards	  micron	  to	  sub-­‐micron	  particles	  sorting	  	  In	   this	   chapter	  we	  will	  mainly	   discuss	   the	   principle	   of	   applying	   bubble	   streaming	  flow	   towards	   1𝜇𝑚	  and	   100nm	   particle	   sorting.	   To	   start	   with	   we	   will	   review	   the	  geometric	  explanation	  of	  size-­‐sensitive	  sorting,	  as	  explained	  in	  more	  detail	  in	  Wang	  et	  al.	   [1].	  Then	  one	  of	   the	  core	  questions	  of	   this	   thesis	  will	  be	  brought	  up:	  can	  we	  apply	  this	  system	  to	  the	  sorting	  of	  much	  smaller	  particles?	  To	  answer	  this	  question,	  we	   will	   explore	   different	   methodologies	   of	   approach.	   After	   several	   methods	  discussed	   and	   eliminated,	   we	   focus	   on	   one	   effective	   approach	   by	   changing	   the	  geometry	  of	  the	  wall	  to	  which	  the	  bubble	  is	  attached,	  changing	  its	  angle	  to	  acquire	  stronger	   bubble	   streaming.	   Moving	   forward,	   1𝜇𝑚	  particle	   deflection	   performance	  under	  bubble	  streaming	  is	  presented	  and	  several	  theoretical	  explanations	  are	  given	  to	   illustrate	   the	   essential	   reasons	   why	   perfect	   deflection	   of	   100%	   of	   the	   1𝜇𝑚	  particles	   is	   hard	   to	   achieve,	   in	   contrast	   to	   larger	   particles.	   On	   the	   other	   hand,	  we	  would	  expect	  particles	  of	  100nm	  size	  to	  be	  not	  deflected	  at	  all.	  But	  to	  our	  surprise	  about	   10%	   fluorescent	   signal	   coming	   from	  100nm	  particles	   is	   still	   detected	   to	   be	  deflected	   by	   the	   bubble,	   which	   leads	   us	   to	   explore	   explanations	   of	   particle	  “deflection”	   other	   than	   the	   simple	   geometry	   argument.	   By	   detecting	   fluorescent	  signal	   distribution	   using	   fluorescent	   dye	   solution,	   we	   proved	   experimentally	   and	  theoretically	   that	   diffusion	   can	   play	   an	   important	   role	   when	   the	   particle	   size	   is	  small,	  which	  extends	   the	  geometric	   theory.	  To	  wrap	  up,	   sorting	  results	   for	  mixed-­‐size	  solution	  are	  provided,	  ultimately	  yielding	  an	  enrichment	  ratio	  of	  large	  to	  small	  particles	   of	   about	   6.	   In	   order	   to	   further	   improve	   on	   this	   result,	   a	   serial	   bubble-­‐sorting	  concept	  is	  introduced	  and	  preliminary	  results	  shows	  promise.	  	  	  4.1	  Review	  of	  the	  gap	  approach	  Bubble	  streaming	  is	  a	  second-­‐order	  steady	  flow	  driven	  by	  the	  periodic	  oscillation	  of	  a	   bubble	   [21-­‐22].	   As	   stated	   in	   Chapter	   3,	  we	   use	   the	   signal	   function	   generator	   to	  generate	   an	   ultrasonic	   signal,	   transferred	   through	   the	   piezoelectric	   transducer	  mounted	  on	   the	  bottom	  glass	   substrate,	  which	  will	   induce	   the	  bubble	   to	   oscillate.	  With	  a	   fixed	  bubble	  radius	  𝑎,	   the	  oscillation	  amplitude	  𝜖𝑎	  is	  determined	  by	  driving	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frequency	   f	   (usually	   from	   1~100khz)	   and	   voltage	   V	   (usually	   from	   0~100V,	  amplified	  amplitude	  by	  a	  voltage	  amplifier).	  We	  will	  use	  ap	  to	  represent	  the	  radius	  of	  particle	  radius.	  Referring	  to	  Fig	  3.3	  (b),	  we	  infuse	  buffer	  solution	  from	  I1.	  Supposing	  we	  have	  a	   suspension	  of	  particles	  with	   radius	  ap=5μm	   infusing	   from	   I2.	  When	   the	  bubble	  is	  not	  oscillated,	  all	  of	  the	  particles	  will	  be	  flow	  to	  O2	  (Fig	  4.1	  (a)).	  When	  we	  start	   to	   excite	   the	   bubble	   to	   oscillate,	   we	   find	   that	   a	   portion	   of	   particles	   are	  “deflected”	   upwards	   and	   flow	   to	   O1	   (Fig	   4.1(b)).	   By	   manipulating	   the	   driving	  frequency	   and	   voltage,	   at	   some	   point	   all	   particles	   have	   changed	   their	   initial	  trajectories	  from	  O2	  to	  O1.	  Now	  if	  instead	  we	  infuse	  a	  mixture	  of	  two	  particle	  sizes,	  ap=5𝜇𝑚 	  with	   ap=2.5𝜇𝑚, 	  from	   I2	   and	   choose	   the	   right	   driving	   voltage,	   we	   can	  separate	  particles	  in	  such	  a	  way	  that	  the	  majority	  of	  larger	  particles	  are	  flowing	  to	  O1	  while	  the	  smaller	  ones	  come	  to	  O2.	  Wang	  et	  al.	  [1-­‐2]	  have	  proved	  that	  successful	  sorting	   of	   particles	  with	   these	   radii	   to	   two	   different	   outlets	   can	   be	   achieved	  with	  almost	  100%	  deflection	  efficiency	  for	  the	  larger	  species	  while	  10%	  for	  the	  smaller.	  Here	  we	  define	  deflection	  efficiency	  as	  	  𝜓 =    !!!!!!!!!	  	  (4.1)	  where	  N	  is	  the	  number	  of	  particles	  and	  subscripts	  specify	  the	  locations	  of	  particles	  counted.	  
	  Fig	   4.1	  Deflection	   of	   ap=5𝜇𝑚	  particles	   (red).	   (a)	   Bubble	   is	   not	   excited:	   all	   ap=5𝜇𝑚	  particles	  exit	  at	  O2;	  (b)	  Increase	  driving	  voltage	  and	  some	  particles	  are	  observed	  to	  switch	   to	   O1;	   (c)	   Keep	   increasing	   voltage	   and	   at	   some	   point	   all	   particles	   are	  reflected	   to	   O1;	   (d)	   Sorting	   a	   mixture	   of	   ap=5𝜇𝑚 	  (red)	   with	   ap=2.5𝜇𝑚 	  (grey)	  
(a)	  O1	  
O2	   (c)	  O1	  
O2	  
(b)	  O1	  
O2	   (d)	  O1	  
O2	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particles,	  under	   certain	   conditions	  100%	  of	   larger	  particles	   are	   reflected	  upwards	  while	  90%	  of	  smaller	  ones	  still	  go	  downwards.	  ψ	  of	  ap=5𝜇𝑚	  and	  ap=2.5𝜇𝑚	  are	  100%	  and	  10%,	  respectively	  [2].	  	  	  The	  phenomenon	  of	  size-­‐sensitive	  particle	  trapping	  and	  sorting	  can	  be	  qualitatively	  and	  semi-­‐quantitatively	  explained	  by	  a	  simple	  geometry	  argument.	  Fig	  4.2	   (a)	   is	  a	  streakline	   image	  of	   the	   superimposed	  Poiseuille	   flow	   (direction	   from	  right	   to	   left)	  and	  bubble	  streaming	   flow	  (two	  closed	   loop	  vortices	  above	   the	  bubble).	  Note	   that	  this	   corresponds	   roughly	   to	   the	   time-­‐averaged,	   steady	   flow	   associated	   with	  streaming,	  while	  the	  fast,	  oscillatory	  flow	  component	  is	  not	  visible	  (nor	  is	  the	  bubble	  oscillation).	   The	  mean	  Poiseuille	   flow	  velocity	   is	   defined	   as	  U!,	   and	   the	   streaming	  velocity	  as	  Us.	  For	  most	  practical	  driving	  parameters	  we	  observe	  a	  hyperbolic	  point	  P	   with	   an	   associated	   separatrix	   streamline	   (red)	   separating	   the	   upstream	   closed	  loop	  (below	  separatrix)	  and	  open	  streamlines	  (both	  above	  the	  separatrix	  and	  below	  the	  upstream	  loop).	  The	  height	  of	  the	  separatrix	  streamline	  over	  the	  wall	  where	  the	  air	  bubble	  is	  located	  (evaluated	  far	  upstream)	  is	  defined	  as	  h,	  see	  Fig	  3.3	  (b).	  H	  is	  the	  total	  height	  of	  the	  channel	  in	  the	  image	  plane.	  More	  importantly,	  we	  define	  the	  flow	  rate	  above	  the	  separatrix	  streamline	  as	  ΔQ,	  passing	  the	  bubble	  without	   interacting	  with	  it,	  while	  Q	  -­‐	  ΔQ	  is	  the	  flow	  rate	  of	  the	  open	  streamlines	  below	  the	  separatrix.	  	  Let’s	  take	  a	  closer	  look	  at	  the	  upstream	  bubble	  surface	  local	  region	  as	  highlighted	  in	  Fig.	  4.2(b).	  Based	  on	  continuity,	  since	  particles	  cannot	  penetrate	  the	  bubble	  surface,	  all	   the	   flow	   below	   the	   separatrix	   streamline	   must	   pass	   through	   a	   narrow	   gap	  between	  the	  (mean)	  bubble	  outer	  surface	  and	  the	  upstream	  vortex	   loop.	   If	  we	  use	  dgap	   to	   represent	   the	   width	   of	   this	   gap,	   one	   can	   conclude	   that	   any	   particle	   with	  radius	   ap>dgap	  should	   be	   trapped	   in	   the	   loop	   provided	   the	   hypotheses	   below	   are	  fulfilled:	  
• The	  particle	  is	  a	  homogeneous,	  isotropic	  sphere	  so	  that	  the	  center	  of	  mass	  is	  exactly	  at	  its	  geometric	  center;	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c.	   3D	  motion	   of	   particles	   subject	   to	   streaming	   flow	   pattern	   leads	   to	   different	   gap	  sizes	   from	   those	   expected.	   Rallabandi	   et	   al.’s	   [70]	   recently	   published	   work	  extensively	   shows	   that	   3D	   components	   of	   the	   streaming	   flow	   field	   are	   important	  near	   the	   bubble	   and	   lead	   to	   actual	   gap	   sizes	   several	   fold	   larger	   in	   the	   center	   of	  channel	  compared	  to	  the	  calculated	  size	  from	  the	  geometry	  argument	  above,	  which	  assumes	  2D	  flow.	  	  4.2	  Approaches	  to	  smaller	  particle	  sorting	  methodology	  When	  dgap	  is	  down	  to	  the	  1𝜇𝑚	  scale	  (for	  the	  current	  application),	  it	  is	  reasonable	  to	  assume	   that	   the	   streaming	   velocity	   across	   the	   whole	   gap	   is	   uniform	   since	   the	  distance	   is	   so	   small	   compared	   to	   the	  bubble	   size.	  Here	  we	  define	   a	  dimensionless	  parameter	   s	  as	   the	   relative	   ratio	   of	   Poiseuille	   flow	  mean	   velocity	  𝑈!	  to	   streaming	  flow	  velocity	  Us	  ,,	  which	  consequently	  quantifies	  the	  relative	  importance	  of	  these	  two	  components	  in	  the	  superimposed	  flow	  domain,	  𝑠 = !!!! 	  	  (4.2)	  By	  applying	  the	  continuity	  equation,	  one	  can	  derive	  a	  simple	  equation	  determining	  the	  gap	  size	  in	  terms	  of	  the	  s	  parameter	  and	  the	  device	  geometry	  as	  	  𝑑!"# = 𝑠𝐻(1− ∆!! )  (4.3)	  Based	  on	  the	  equation	  above,	  when	  the	  microfluidic	  device	  geometry	  is	  fixed	  and	  H	  value	  constant,	  then	  the	  stronger	  the	  bubble	  streaming,	  the	  smaller	  a	  particle	  would	  be	   trapped	   into	   the	   upstream	   loop	   and	   lead	   to	   better	   sorting	   effect,	   which	   is	  associated	  with	  smaller	  s	  value	  and	  smaller	  ∆𝑄.	  	  	  In	  order	  to	  acquire	  smaller	  s	  value,	  generally	  speaking,	  we	  can	  either	  decrease	  the	  transport	  flow	  velocity	  or	  increase	  the	  bubble	  streaming	  velocity	  based	  on	  Eq.	  (4.2).	  Practically,	  for	  decreasing	  𝑈! ,	  when	  the	  volumetric	  flow	  rate	  reaches	  Q<0.5𝜇𝐿/min,	  unsteady	   flow	   phenomena	   will	   occur	   (particles	   moving	   back	   and	   forth	   in	   the	  microfluidic	  channel).	  The	  reason	   for	   this	   is	   that	  a	  syringe	  pump	  needs	   to	  provide	  enough	   pressure	   drops	   in	   order	   to	   overcome	   hydrodynamic	   resistance	   from	   the	  inlet	   to	   outlet	   in	   the	   domain	   in	   such	   way	   that	   the	   fluid	   flow	   is	   constant	   and	   the	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piston	  motion	  on	  the	  syringe	  can	  be	  maintained	  steady.	  This	  unsteadiness	  limitation	  is	  well-­‐known	  in	  microfluidics	  and	  discussed	  e.g.	  in	  [71].	  So	  to	  conclude	  the	  lowest	  mean	  Poiseuille	  flow	  rate	  we	  can	  obtain	  using	  the	  current	  syringe	  pumps	  would	  be	  0.5𝜇𝐿/min,	  which	  will	  lead	  to	  mean	  fluid	  velocity	  of	  𝑈!=150𝜇𝑚/s.	  	  The	  other	  possibility	  to	  obtain	  a	  smaller	  s	  value	  is	  by	  enlarging	  the	  steaming	  speed	  Us.	  Theoretically,	  𝑈! ∝ 𝜀!𝑎𝜔,	  as	  seen	  in	  standard	  bubble	  streaming	  work	  [1-­‐3,	  17-­‐19,	  21-­‐22]	   Here	  𝑎	  is	   the	   bubble	   radius	   and	  𝜔	  is	   the	   oscillating	   frequency.	   Based	   on	  Rallabandi	  et	  al.	  [22],	  𝜀	  is	  also	  proportional	  to	  the	  driving	  voltage.	  This	  suggests	  two	  ways	  to	  acquire	  faster	  streaming	  speed:	  	  1.	  Applying	  higher	  frequency.	  One	   approach	   that	   has	   been	   investigated	   is	   to	   decrease	   the	   bubble	   size	   from	   the	  commonly	   used	   a=40𝜇𝑚	  to	   a=25𝜇𝑚.	   However	  when	   using	   the	   smaller	   bubble	   for	  1𝜇𝑚	  -­‐diameter	   particle	   sorting,	   it	   doesn’t	   show	   significant	   deflection	   efficiency	  improvement.	  Meanwhile	  the	  bubble	  size	  changes	  much	  faster	  by	  diffusion	  than	  for	  a	  larger	  bubble	  so	  that	  it	  is	  hard	  to	  control	  the	  bubble	  size	  to	  be	  constant	  for	  a	  longer	  period	   of	   time	   needed	   to	   run	   the	   experiment	   (refer	   to	   section	   3.3).	   As	   for	   purely	  increasing	  the	  driving	  frequency,	  in	  order	  to	  acquire	  the	  similar	  flow	  pattern	  and	  get	  the	  largest	  bubble	  oscillation	  amplitude,	  there	  is	  a	  narrow	  range	  of	  frequencies	  we	  can	   adjust	   near	   the	   resonance	   frequency.	   Larger	   changes	   in	   driving	   frequency	  (above	   about	   45kHz)	   also	   compromise	   the	   flow	   pattern	   used	   for	   sorting,	   as	   was	  shown	  in	  [1].	  	  2.	  Applying	  higher	  voltage	  As	  discussed,	  𝑈! ∝ 𝜀!𝑎𝜔	  and	  𝜀 ∝ 𝑉	  which	  is	  the	  driving	  voltage.	  So	  theoretically	  the	  other	   common	   way	   to	   minimize	   s	   parameter	   is	   by	   means	   of	   increasing	   driving	  voltage.	  However	  there	  is	  also	  an	  upper	  limit	  for	  voltage:	  empirically,	  we	  find	  when	  the	  driving	  voltage	  comes	   to	  >100	  volts,	   the	  bubble	  will	  burst	   immediately	  or	  will	  not	  last	  for	  a	  long	  enough	  time	  to	  run	  a	  meaningful	  sorting	  experiment.	  On	  the	  other	  hand,	  when	  using	  a	  H-­‐shaped	  device	  as	  we	  discussed	  before,	  when	  turning	  voltage	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up,	  the	  deflection	  efficiency	  can	  be	  improved	  dramatically	  with	  increasing	  voltage	  as	  shown	   in	   Fig	   4.1	   for	   10𝜇𝑚	  particles;	   similar	   results	   have	   been	   shown	   for	   5𝜇𝑚	  particles.	  But	  even	  when	  the	  voltage	  was	  increased	  to	  100V,	  the	  deflection	  efficiency	  is	  still	  lower	  than	  50%	  for	  1𝜇𝑚	  particles.	  	  	  In	  conclusion,	  we	  have	  discussed	  methods	  to	  decrease	  the	  sorting	  gap	  size	  towards	  the	   scale	   of	   1𝜇𝑚	  based	   on	   the	   gap	   size	   equation	   derived	   from	   continuity,	   but	  experimental	   results	   still	   show	  sorting	  efficiencies	   lower	   than	  50%.	  Therefore,	  we	  turn	  to	  other	  options,	  trying	  to	  take	  advantage	  of	  the	  geometry	  of	  the	  device	  design	  to	  obtain	  stronger	  bubble	  streaming.	  	  	  4.3	  Modified	  wall	  geometry	  to	  enhance	  bubble	  streaming	  Based	  on	  the	  sorting	  mechanism	  discussion	  in	  4.1,	  we	  have	  illustrated	  that	  in	  order	  to	   be	   deflected	   into	   the	   opposite-­‐side	   outlet,	   a	   particle	   needs	   to	   be	   trapped	   and	  released	   from	   upstream	   vortex.	   Also	   it	   was	   observed	   that	   if	   a	   particle	   is	   instead	  trapped	  in	  the	  downstream	  vortex,	  it	  would	  either	  be	  trapped	  there	  for	  quite	  a	  long	  time,	  or	  will	  be	  released	  downstream,	  i.e.	  won’t	  contribute	  to	  the	  purpose	  of	  sorting.	  Therefore,	   we	   would	   prefer	   an	   effectively	   stronger	   upstream	   vortex	   and	   weaker	  downstream	  vortex,	  which	  led	  us	  to	  consider	  if	  we	  can	  introduce	  an	  asymmetry	  into	  the	   boundary	   conditions	   of	   the	   bubble	   upstream	   vs.	   downstream	   side	   so	   as	   to	  control	  the	  vortices	  separately.	  To	  do	  this,	  we	  introduced	  an	  inclination	  in	  the	  wall	  where	  the	  bubble	  is	  situated.	  The	  angle	  of	  inclined	  wall	  is	  defined	  between	  wall	  and	  vertical	  direction,	  i.e.	  horizontal	  wall	  would	  be	  90°.	  (refer	  to	  Fig	  4.3	  at	  the	  right-­‐most	  geometry)	  	  A	   device	   with	   5	   different	   wall	   angles	   of	   30°,	   45°,	   60°,	   75°,	   and	   90°	   in	   the	   same	  channel	   was	  manufactured,	   simply	   having	   only	   one	   inlet	   and	   one	   outlet.	   Sharper	  wall	  angles	  than	  30°	  could	  not	  be	  fabricated	  as	  the	  replication	  process	  from	  the	  SU-­‐8	  to	  PDMS	   layers	   is	  not	  sufficiently	  resolved.	  The	  diagram	  of	   the	  device	   is	   shown	  as	  below	   in	   Fig	   4.3.	   By	   infusing	   a	   particle	   solution	   into	   this	   simple	   device,	   bubble	  streaming	   with	   different	   wall	   angle	   can	   be	   compared	   controlling	   the	   bubble	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oscillating	  driving	  parameters	  (frequency	  and	  voltage)	  and	  also	  the	  transport	   flow	  speed.	  	  
Fig	  4.3	  Diagram	  of	  microfluidic	  channel	  device	   for	  evaluating	  wall	  geometry	  effect	  upon	  bubble	  streaming	  flow.	  	  When	   a	   particle	   is	   very	   close	   to	   the	   bubble	   surface,	   meaning	   the	   distance	   from	  bubble	  surface	  to	  particle	  mass	  center	  is	  on	  the	  same	  scale	  as	  the	  particle	  size,	  the	  maximum	  of	  the	  particle	  speed	  should	  represent	  the	  streaming	  speed,	  i.e.	  us	  ~umax.	  Practically	  we	  can	  measure	  the	  particle	  maximum	  velocity	  when	  close	  to	  the	  bubble	  surface	  from	  experiment.	  Fig	  4.4	  shows	  how	  to	  determine	  umax	  from	  experiment.	  By	  selecting	  a	  particle	  very	  close	  to	  the	  bubble	  surface,	  we	  can	  use	  MtrackJ	  to	  manually	  point	  out	  the	  particle	  position	  frame	  to	  frame.	  A	  more	  detailed	  description	  of	  using	  the	   plug-­‐in	   of	   ImageJ	   to	   analyze	   the	   particle	   velocity	   has	   been	   discussed	   in	   the	  previous	   chapter.	   Since	   we	   know	   the	   transformation	   relation	   from	   pixel	   to	   real	  distance	   (refer	   to	   section	   3.2.2),	   we	   can	   calculate	   the	  maximum	   speed	   of	   particle	  near	   to	   the	  bubble.	  When	  we	  repeat	   the	  measurement	   for	  different	  wall	  geometry	  conditions	  under	  the	  same	  driving	  parameters	  and	  Poiseuille	  flow	  rate,	  we	  can	  also	  get	  the	  velocity	  change	  with	  respect	  to	  different	  wall	  angles.	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vortex	   loop	  size.	  On	   the	  other	  hand,	   referring	   to	  Fig	  4.2,	  we	  can	  also	  measure	  and	  calculate	  the	  ∆!! 	  per	  equation	  	   ∆!! = !!!! !"!!!! !"	  	  (4.4)	  Below	  Fig	  4.5	  is	  comparison	  of	  ∆!! 	  and	  streaming	  loops	  size	  with	  respect	  to	  different	  inclined	  wall	  angle.	   It	   is	  very	  straight	   forward	   the	   trend	   that	  by	  only	  changing	   the	  inclined	  wall	  angle,	  the	  relative	  bubble	  streaming	  power	  is	  dramatically	  changed.	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Fig	   4.6	   Schematic	   of	   model	   setup	   in	   Ansys	   Fluent	   to	   simulate	   and	   illustrate	   the	  influence	  of	  different	  wall	  angle	  on	  bubble	  streaming	  	  	  We	   set	   up	   a	   2D	   fluid	   model	   in	   Ansys	   Fluent	   with	   a	   channel	   geometry	   as	   in	   the	  experimental	   setup.	   We	   choose	   a	   parabolic	   velocity	   inlet	   condition	   per	   the	  experimental	  𝑈!.	   In	  order	  to	  simulate	  bubble-­‐streaming	  flow,	  we	  used	  the	   leading-­‐order	   term	   of	   the	   streaming	   speed,	   determined	   as	  𝑢!"#sin  (2𝜃)	  [22].	   Here	  𝑢!"#	  is	  extrapolated	   from	   experimental	   measurement.	   By	   simplifying	   the	   model	   to	   2D	  steady	   flow,	   we	   can	   simulate	   the	   flow	   field	   by	   using	   the	   same	   conditions	   as	   in	  experiments	  and	  the	  changing	  wall	  geometry	  to	   illustrate	  the	  trend.	  Below	  are	  the	  images	   comparing	  experimental	   results	   to	   simulation	   results.	   Since	   the	   simulation	  results	   are	   in	  very	  good	  agreement	  with	  experiment,	  we	  can	  definitively	   conclude	  that	   sharper	   wall	   angles	   are	   beneficial	   to	   getting	   stronger	   bubble	   streaming	   and	  thus	   will	   ultimate	   lead	   to	   a	   smaller	   s	   parameter	   for	   a	   same	   given	   Poisseuilve	  velocity.	  The	  values	  of	  s	  parameters	  from	  75	  degrees	  to	  30	  degree	  (refer	  to	  Fig	  4.7)	  are	  0.012,	  0.007,	  0.0056,	  0.0045,	  respectively.	  	  
𝑢~𝑢!"#sin  (2𝜃)	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is	   inclined	   30°.	   Noticed	   for	   asymmetric	   geometry	   H	   changed	   to	   500μm	   against	  250μm	  as	  symmetric	  device.	  	  	  4.4	  Conditions	  for	  1𝜇𝑚	  latex	  particle	  deflection	  4.4.1	  Experimental	  results	  Applying	   the	   asymmetric	   wall	   geometry	   device	   for	   1𝜇𝑚	  latex	   particle	   sorting,	   at	  high	  driving	  voltage	   conditions	   (usually	  >50V),	  we	   find	   that	  more	   than	  half	  of	   the	  particles	   are	   deflected	   upwards.	   When	   the	   particle	   concentration	   is	   low,	   we	   can	  simply	   count	   the	   relative	   particle	   numbers	   by	   determining	   individual	   streaklines.	  However,	  when	  particle	  concentration	  is	  high	  (>106/ml),	  streaklines	  may	  overlap	  so	  that	  direct	  particle	  counting	  cannot	  be	  used.	  We	  can	  use	  the	  ImageJ	  plug-­‐in	  Mtrack2	  described	   in	   (refer	   to	   section	   3.2)	   to	   track	   particles.	   A	   typical	   video	   processing	  protocol	  to	  track	  particles	  using	  Mtrack2	  is	  as	  follows:	  	  1.	  Open	  all	  frames	  of	  the	  sorting	  video	  and	  invert	  the	  grey	  value	  2.	   Open	   one	   frame	   of	   the	   video	   opened	   in	   step	   1	   and	   invert	   it	   as	   stationary	  background	  3.	  Subtract	  the	  background	  frame	  from	  all	  video	  frames	  	  4.	  Invert	  the	  grey	  value	  back,	  so	  that	  the	  video	  is	  now	  background-­‐subtracted	  5.	   Make	   each	   frame	   binary	   by	   choosing	   a	   grey	   value	   threshold,	   to	   distinguish	  particles	  from	  background	  noise	  6.	  Define	  the	  tracking	  parameters	  (objective	  size,	  maximum	  velocity	  and	  sequential	  tracking	  frames)	  in	  Mtrack2.	  	  7.	  Output	  coordinate	  data	  of	  particles	  for	  each	  frame	  	  By	  performing	   this	  procedure	   several	   times	   for	  1𝜇𝑚	  particle	   sorting	  and	   counting	  the	  results,	  we	  obtain	  the	  following	  deflection	  efficiency	  curve.	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𝐹! ∝ 𝑎!! 	  	  (4.5)	  Applying	   this	   lubrication	   theory	   to	   our	   system,	   essentially	   we	   are	   facing	   the	  situation	   of	   a	   rigid	   sphere	   (latex	   particle)	   and	   a	   stress-­‐free	   surface	   (bubble)	  approaching.	  When	  a	  particle	  moves	  towards	  the	  bubble	  interface	  on	  the	  upstream	  side,	   as	   we	   have	   seen	   in	   Fig	   4.3(a),	   a	   particle	   can	   approach	   very	   close	   to	   bubble	  surface	  with	  no	  direct	   contact,	   so	   that	   between	   the	  particle	   and	  bubble	   interfaces	  there	  remains	  only	  a	  thin	  layer	  of	  fluid.	  In	  preliminary	  results	  by	  Bhargav	  Rallabandi	  it	   is	  shown	  that	   the	  hydrodynamic	   force	   in	   this	  situation	   is	  still	  proportional	   to	  𝑎!! 	  [73].	  
Fig	   4.10:	   Schematic	   of	   problem,	   showing	   mean	   (dashed	   lines)	   and	   instantaneous	  (solid	  lines)	  positions	  of	  the	  stress-­‐free	  surface	  and	  the	  spherical	  particle	  [73].	  	  Since	  any	  hydrodynamic	  force	  applied	  on	  a	  particle	  will	  lead	  to	  a	  velocity	  difference	  between	  particle	  and	  fluid,	  Stokes	  drag	  will	  be	  consequently	  generated	  and	  balances	  the	  hydrodynamic	  force.	  The	  expression	  of	  Stokes	  drag	  is	  𝐹! = 6𝜋𝜇𝑎!𝑣	  	  (4.6)	  Here	  v	  represents	  the	  relative	  speed	  difference	  between	  flow	  and	  object.	  Recall	  that	  in	  section	  4.1,	  we	  made	   the	  assumption	   that	  all	  particle	   trajectories	  strictly	   follow	  the	  fluid	  streamlines	  as	  passive	  tracers.	  But	  here,	  the	  lubrication	  force	  acts	  as	  a	  lift	  force,	   displacing	   the	  particles	  normal	   to	   the	   streamlines.	  This	   also	  means	   that	   the	  simple	   geometric	   approach	   to	   explaining	   the	   sorting	  will	   no	   longer	   be	   applicable	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here.	   Furthermore,	   since	   the	   lubrication	   force	  and	   thus	   the	  velocity	   component	  of	  deflection	   is	   directed	   away	   from	   bubble,	   the	   particle	   is	   deflected	   upwards	   in	   our	  sorting	  geometry.	  These	  deflections	  are,	  however,	  gradual	  (continuous)	  and	  do	  not	  conform	  to	  the	  abrupt	  threshold	  predictions	  of	  the	  geometric	  model.	  	  Consider	   a	   quasi-­‐static	   situation.	   As	   soon	   as	   a	   particle	   approaches	   the	   bubble	  surface,	   the	  hydrodynamic	   force	  due	  to	   the	   lubrication	   layer	  will	  push	  the	  particle	  away	  from	  bubble.	  Simultaneously,	  when	  the	  particle	  moves	  away	  along	  the	  normal	  direction,	   this	  velocity	  difference	   in	  between	  particle	  and	   fluid	  will	   cause	  a	  Stokes	  drag	  on	  the	  particle,	  which	  over	  a	  very	  short	  time	  scale	  will	  achieve	  balance.	  In	  such	  a	  process,	   since	  𝐹! ∝ 𝑎!! 	  and	  𝐹! ∝ 𝑎!,	   the	   relative	  particle	   to	   fluid	   speed	  difference	  should	   also	   be	   proportional	   to	   the	   radius	   of	   particle.	   This	   would	   provide	   more	  aggregated	   deformation	   for	   larger	   sized	   particles	   and	   ultimately	   make	   it	   much	  easier	  for	  them	  to	  cross	  over	  the	  stagnation	  streamline	  to	  the	  upper	  outlet.	  Though	  we	  haven’t	  quantitatively	  determined	  the	  absolute	  value	  of	  this	  hydrodynamic	  force	  acting	   on	   particles,	   some	   preliminary	   experimental	   results	   obtained	   by	   Raqeeb	  Thameem	  show	  clear	  trends	  of	  larger	  continuous	  deflection	  for	  larger	  particles,	  and	  a	   simulation	   with	   the	   lubrication	   force	   gives	   good	   agreement	   with	   experiment	  results	   in	   terms	   of	   degree	   of	   deflection	   [73].	   Moreover,	   for	   different	   sizes	   of	  particles,	   the	   trajectories	   including	   the	   crossing	   of	   the	   streamlines	   captured	   by	  experiments	  show	  good	  agreement	  with	  simulations	  of	  particle	   trajectories	  driven	  by	  the	  lubrication	  force.	  	  	  To	   summarize,	   since	   lubrication	   force	   applied	   normally	   to	   the	   flow	   rate	   direction	  will	   be	   larger	   for	   larger	   particles,	   it	   will	   cause	   larger	   size	   particles	   to	   cross	  streamlines	   to	   a	   much	   greater	   degree.	   Thus	   even	   though	   the	   gap	   size	   is	   slightly	  larger	   than	   the	  particle	   size,	   larger	  particles	   still	   have	   enough	   speed	  difference	   to	  cross	   stagnation	   streamline	   to	   the	   top	   and	   ultimately	   releasing	   upwards.	   On	   the	  contrary,	   for	  smaller	  particle,	  when	  gap	  size	   is	  slightly	  bigger,	   there	   is	  not	  enough	  velocity	  difference	   to	  allow	   it	   to	  pass	   through	  streamlines	   thus	   it	  has	   to	   follow	   its	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original	  streamlines	  to	  exit	  downwards.	  However,	  the	  deflection	  is	  not	  strictly	  zero	  as	   in	   the	   geometric	   model,	   and	   thus	   lubrication	   forces	   can	   explain	   a	   finite	  probability	  of	  deflection	  even	  for	  particles	  smaller	  than	  the	  nominal	  gap	  width.	  	  Besides	   lubrication	  theory,	  3D	  flow	  effects	  will	  also	  affect	   the	  results	  of	  sorting.	   In	  previous	  studies	  of	  microbubble	  streaming,	  we	  have	   found	   that	   the	  assumption	  of	  two-­‐dimensional	   flow	   is	   not	   accurate,	   and	   that	   both	   the	   Poiseuille	   flow	   and	   the	  streaming	   flow	  have	   flow	  components	  with	   significant	   speed	  perpendicular	   to	   the	  field	  of	   view,	   in	  particular	   close	   to	   the	  bubble	   [70,73].	  This	   leads	   to	   apparent	   gap	  widths	  greater	  than	  those	  expected	  in	  the	  naïve	  2D	  flow	  modeling.	  These	  effects	  are	  discussed	  in	  detail	  in	  [74],	  but	  in	  this	  thesis	  we	  won’t	  discuss	  them	  further.	  	  4.5	  Conditions	  of	  100nm	  particle	  deflection	  As	  for	  100nm	  particle	  deflection,	  the	  experimental	  flow	  set-­‐up	  is	  very	  similar	  to	  that	  previously	   discussed	   for	   larger	   latex	   particles,	   except	   that	   the	   flow	   is	   observed	  under	   fluorescent	   illumination	   in	  order	   to	  detect	   fluorescence	   intensity	  (GSV)	  as	  a	  measure	   of	   particle	   concentration.	   The	   corresponding	   calibration	   work	   has	   been	  presented	  in	  detail	  in	  section	  3.4.1	  and	  we	  will	  use	  it	  in	  what	  follows.	  	  Converting	  the	  GSV	  measurement	  values	  to	  concentrations	  at	  inlets	  and	  outlets,	  we	  thus	   get	   deflection	   efficiency	   of	   100nm	   particles.	   Fig	   4.11	   below	   is	   the	   deflection	  efficiency	  curve	  as	  a	  function	  of	  driving	  voltage,	  which	  represents	  the	  percentage	  of	  100nm	  particle	  at	  O1	  after	  deflection.	  
	   53	  
	  Fig	  4.11	  Deflection	  of	  100nm	  towards	  upper	  outlet	  O1,	  20khz	  driving	  frequency	  and	  Q=1𝜇l/min	  transport	  flow	  rate.	  	  If	  we	  believe	   in	  the	  geometric	  discussion	  that	  only	  particles	  of	  size	   larger	  than	  the	  gap	  size	  can	  be	  deflected	  to	  the	  upper	  outlet	  O1,	  we	  would	  say	  that	  there	  should	  be	  a	  gap	  of	  size	  on	  the	  order	  of	  100nm	  present	  since	  we	  detect	  fluorescent	  signal	  at	  O1.	  But	   since	  we	  have	   seen	   that	   the	  deflection	   efficiency	   for	  1𝜇m	  particle	   is	  ~60%	  at	  similar	  driving	  conditions,	  this	  contradicts	  our	  assumption	  for	  the	  gap	  size	  –	  the	  gap	  must	   be	   much	   larger	   than	   100nm.	   So	   the	   question	   is	   why	   we	   can	   still	   have	   a	  significant	  number	  of	  100nm	  particles	  detected	  at	  the	  upper	  outlet	  O1?	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region	  downstream	  bubble,	  scale	  bar	  50𝜇m;	  (c)	  fluorescent	  signal	  in	  upper	  channel	  towards	  O1,	  scale	  bar	  50𝜇m.	  	  Per	  GSV	  contrast	  we	  can	  generally	  separate	  the	  downstream	  domain	  into	  4	  regions	  as	   highlighted	   in	   the	   above	   Fig	   4.12	   (b).	   	   Section	   1	   is	   the	   lightest	   (i.e.	   highest	  concentration),	   which	   is	   obviously	   occupied	   by	   the	   majority	   of	   100nm	   particles,	  following	  the	  streamlines	  of	  the	  flow	  un-­‐deflected,	  and	  will	  exit	  to	  the	  bottom	  outlet	  O2.	   Section	  2	   looks	  darker	   compared	   to	   section	  1	  but	  brighter	   than	  3.	  Notice	   that	  part	  of	   the	  particles	   in	  section	  2	  will	  go	  upwards	   then	  exit	   to	  O1.	  This	  can	  be	  also	  illustrated	   from	   Fig	   4.12	   (c)	   that	   shows	   that	   the	   main	   portion	   of	   the	   fluorescent	  signal	   detected	   from	   O1	   is	   close	   to	   the	   bottom	   boundary	   of	   channel,	   where	   the	  100nm	   particles	   are	   mainly	   deflected	   from	   section	   2	   just	   above	   the	   stagnation	  streamline	  to	  the	  top.	  Section	  3	  we	  can	  detect	  barely	  any	  fluorescent	  signal	  since	  the	  GSV	   is	  very	  close	   to	   the	  background.	  As	   for	   section	  4	   there	   is	  a	   thin	   film	  of	  mixed	  solution	  going	  upwards,	  but	  the	  concentration	  is	  lower	  than	  the	  portion	  of	  section	  2	  going	  upwards,	  so	  section	  4	  is	  a	  lesser	  contributor	  to	  fluorescent	  signal	  detected	  at	  O1.	  	  	  Clearly,	   there	   is	   fluorescent	   signal	   at	   O1	   because	   some	   of	   the	   100nm	   particles	  penetrate	  into	  section	  2	  and	  4	  and	  are	  then	  transported	  upwards	  to	  O1.	  For	  section	  4,	  it	  may	  be	  because	  a	  portion	  of	  the	  100nm	  particles	  is	  located	  in	  the	  region	  of	  the	  upstream	   vortex	   before	   the	   bubble	   starts	   oscillating,	   so	   that	   they	  will	   be	   trapped	  inside	   of	   the	   loop.	   After	   a	  while	   particle-­‐particle	   interactions	  will	   release	   some	  of	  these	  particles	  to	  the	  upper	  outlet,	  in	  a	  very	  similar	  fashion	  as	  discussed	  in	  section	  4.1.	   But	   the	  majority	   of	   fluorescent	   signal	   detected	   at	   the	   O1	   outlet	   is	   due	   to	   the	  presence	  of	  100nm	  particle	   solution	   in	   section	  2.	  We	  hypothesize	   that	   it	   is	  due	   to	  particle	  diffusion	  since	  section	  2	  contains	  fluorescent	  particles	  going	  both	  upwards	  and	   downwards,	   which	   means	   the	   stagnation	   streamline	   (refer	   to	   Fig	   4.13	   a)	   is	  included.	  In	  the	  next	  section	  we	  will	  more	  quantitatively	  discuss	  diffusive	  effects	  in	  our	  particle	  sorting	  application.	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4.6	  Diffusion	  and	  its	  impact	  on	  sorting	  nano-­‐scale	  particles	  As	  discussed	  in	  the	  above	  paragraph,	  we	  hypothesize	  that	  diffusion	  potentially	  plays	  an	  important	  role	  in	  explaining	  the	  amount	  of	  100nm	  particles	  detected	  at	  the	  upper	  outlet	  O1	  and	  seen	  in	  section	  2	  of	  Fig.	  4.12b	  and	  along	  the	  bottom	  boundary	  of	  Fig.	  4.12c.	  	  	  We	  will	   use	   a	   simple	  model	   to	   simulate	   the	   diffusion	   conditions	   and	   quantify	   the	  percentage	  of	  100nm	  particles	  that	  we	  would	  expect	  to	  diffuse	  into	  the	  upper	  half	  of	  the	  channel	  by	  solving	  the	  analytical	  solution.	  	  Below	  in	  Fig	  4.13	  (a)	  is	  a	  schematic	  of	  the	  bubble	  surface	  region.	  Here	  the	  labels	  B	  and	  D	  represent	  the	  “bright”	  region	  of	  fluorescent	   solution	   and	   “dark”	   region	   of	   buffer	   solution	   under	   fluorescent	  microscopy,	   respectively.	  When	   assuming	  ∆𝑄=0,	   the	   stagnation	   streamline	   should	  be	  halfway	   across	   the	   gap	   so	   that	   the	  distance	   from	   the	   interface	  of	   the	   two	   fluid	  domains	   to	   the	  bubble	  surface	  should	  be	  half	   the	  gap	  size.	  As	  discussed	   in	  section	  3.4	   the	   concentration	   of	   100nm	   particles	   is	   proportional	   to	   GSV	   under	   fixed	  illumination	   conditions.	  We	  normalize	   and	  non-­‐dimensionalize	   the	   concentrations	  to	  C=1	  for	  the	  initial	  concentration	  of	  100nm	  fluorescent	  particles	  introduced	  at	  I2	  into	  the	  lower	  half,	  and	  C=0	  for	  the	  buffer	  solution	  from	  I1	  without	  particles.	  	  	   	  	  	  	  	  	  	  Fig	  4.13	  (a)	  Schematic	  of	  fluorescent	  and	  buffer	  solution	  passing	  through	  the	  gap,	  B	  meaning	  bright	   (fluorescent	   solution)	  while	  D	  meaning	  dark	   (buffer	   solution),	   the	  streamline	  represents	  the	  stagnation	  streamline;	  (b)	  concentration	  profile	  vs.	  radial	  distance	   away	   from	   bubble,	   indicated	   as	   ξ	   direction.	   C(t0)	   and	   C(t)	   indicates	   the	  
(a)	   (b)	  
12 𝑑!"#	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concentration	   profile	   at	   t0	   and	   t;	   A0	   indicates	   the	   integral	   of	   C(t0)	   over	   ξ,	  while	   A	  indicates	  the	  integration	  of	  C(t)	  from	  ξ=!! d!"#	  to	  ∞.	  	  Considering	  that	  the	  gap	  is	  thin	  (on	  the	  scale	  of	  several	  𝜇𝑚)	  and	  long	  (on	  the	  same	  scale	   as	   the	  bubble	   radius	  of	   about	  40𝜇𝑚),	   it	   is	   reasonable	   to	  model	   the	  diffusion	  problem	   in	   a	   one-­‐dimensional	   rather	   than	   radial	   coordinate	   system.	   Here	   in	   Fig	  4.13(b)	  we	  use	  the	  ξ-­‐axis	  to	  represent	  the	  radial	  direction	  away	  from	  bubble,	  i.e.	  ξ=0	  meaning	   bubble	   surface.	   We	   set	   t0	   as	   the	   timing	   right	   before	   solutions	   traverse	  through	  the	  gap.	  	  	  We	   assume	   diffusion	   will	   not	   happen	   until	   t0.	   So	   the	   concentration	   profile	   at	   t0	  should	  be	  sharp,	  dropping	   from	  1	  to	  0	  at	   the	   interface	   located	  at	   the	  half	  width	  of	  gap.	  Due	  to	  the	  initially	  discontinuous	  concentration	  difference,	  fluorescent	  particles	  will	   cross	   the	   stagnation	   line	   to	   the	   upper	   half	   of	   the	   gap	   then	   at	   the	   end	  will	   be	  released	  to	  O1.	  As	  is	  shown	  in	  Fig	  4.13(b),	  C(t0)	  and	  C(t)	  indicate	  the	  concentration	  profile	  of	  the	  above	  two	  situations,	  respectively.	  More	  importantly,	  A0	  indicates	  the	  integration	  of	  C(t0)	  over	  ξ,	  while	  A	  indicates	  the	  integration	  of	  C(t)	  from	  ξ=!! d!"#	  to	  ∞.	   So	   it	   is	   straightforward	   that	   the	   percentage	   of	   particle	   diffusion	   across	   the	  stagnation	  streamline	  is	  A/A0.	  Let’s	  use	  η	  to	  represent	  the	  percentage	  of	  diffusion	  
η = !(!,!)!!!!"# !!!(!,!)!! !! = !!!	  	  (4.7)	  Now	  the	  question	  is	  how	  to	  find	  the	  concentration	  profile	  c	  (ξ,	  t)	  in	  such	  a	  scenario?	  	  	  Since	   the	  gap	  width	  compared	   to	   the	  horizontal	   channel	  height	  H	  (refer	   to	  Fig	  3.3	  (b))	  is	  two	  orders	  of	  magnitude	  smaller,	  and	  also	  much	  smaller	  than	  the	  lower	  wall	  to	  bubble	  surface	  distance	  where	  “gap”	  is	  introduced,	  we	  can	  treat	  this	  as	  a	  diffusion	  problem	   in	   semi-­‐infinite	   space.	   The	   governing	   equation	   for	   the	   concentration	   in	  general	  is	  the	  diffusion	  equation,	  	   !"!" = 𝐷 !!!!!! 	  	  (4.8)	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To	  solve	  this	  PDE,	  the	  initial	  condition	  at	  t0	  is	  as	  indicated	  above,	  𝐶! = 1   0 ≤ ξ ≤ !!𝑑!"# 	  	  (4.9)	  𝐶! = 0  (ξ > !!𝑑!"#)	  	  (4.10)	  As	  for	  boundary	  conditions,	  one	  is	  that	  C	  (∞,	  t)=0.	  The	  other	  one	  we	  should	  apply	  at	  the	  impenetrable	  bubble	  surface,	  which	  requires	  !"!! = 0  @  ξ = 0	  	  (4.11)	  Applying	  our	  IC	  and	  BC	  an	  explicit	  solution	  becomes	  [75]	  𝐶 ξ, 𝑡 = !! (𝐸𝑟𝑓 !!!!!!"#(!!")!/! − 𝐸𝑟𝑓 !!!!!!"#(!!")!/! )	  	  (4.12)	  There	  are	  still	  some	  key	  parameters	  missing	  in	  the	  above	  analytical	  solution.	  In	  the	  following,	  we	  provide	  some	  rational	  estimates	  for	  those	  parameters.	  	  	  1.	  Diffusion	  coefficient	  	  The	  diffusion	  coefficient	  is	  calculated	  per	  the	  Einstein-­‐Stokes	  equation	  𝐷 = !!!!!!!!!	  	  (4.13)	  We	  use	  24%	  glycerol	  water	  viscosity	  under	  room	  temperature	  for	  𝜂!,	  and	  radius	  of	  ap=50nm.	  When	  we	  plug	  in	  these	  numbers,	  we	  obtain	  D=2.5*10-­‐12m2/s.	  	  2.	  Gap	  size	  It’s	  hard	  to	  estimate	  an	  accurate	  gap	  size	  under	  this	  circumstance.	  But	  considering	  that	  1𝜇𝑚	  particles	  can	  be	  majorly	  deflected,	  it	  is	  reasonable	  to	  estimate	  that	  the	  gap	  size	  is	  of	  the	  same	  magnitude	  of	  𝑑!"#=1𝜇𝑚.	  	  3.	  Time	  duration	  	  As	  discussed,	  let’s	  assume	  diffusion	  takes	  place	  when	  particles	  traverse	  through	  the	  gap	  along	  the	  bubble	  surface.	  The	  distance	  that	  the	  particle	  covers	  is	  comparable	  to	  the	  bubble	  radius,	  and	  the	  particle	  velocity	  is	  close	  to	  Umax	  (and	  uniform	  throughout	  the	  thin	  gap).	  Thus	  an	  estimate	  of	  the	  time	  duration	  is	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𝑡 ≅ 𝑎𝑈!"# = 40𝜇𝑚4𝑐𝑚/𝑠 = 1𝑚𝑠	  Here	   we	   extrapolate	   Umax	   from	   Fig	   4.4(b)	   applying	   the	   wall	   angle	   as	   30	   degrees.	  Plugging	   in	   these	   estimated	  parameters	   into	  Eq.	   (4.12)	  we	  obtain	   a	   concentration	  distribution	   at	   t0+	   1ms.	   Now	   the	   concentration	   profile	   is	   an	   explicit	   version	   only	  with	  respect	  to	  ξ.	  Now	  we	  can	  easily	  calculate	  A	  by	  integrating	  the	  concentration	  of	  C(ξ,t)	  over	  ξ	  from	  !! d!"#	  to	  ∞,	  and	  then	  applying	  Eq.	  (4.7)	  we	  get	  η=5.7%.	  	  When	  we	  calculated	  the	  diffusion	  percentage	  above,	  we	  assumed	  that	  diffusion	  only	  happened	  during	   the	   interface	  passing	   through	  the	   thin	  gap.	  But	  actually	  diffusion	  should	  start	  right	  after	  particle	  and	  buffer	  solution	  meet	  with	  each	  other,	  staring	  at	  the	  right	  hand	  side	  of	  horizontal	  channel	  of	  “H”	  shape	  device	  (refer	  to	  Fig	  3.3b).	  So	  any	   diffusive	   phenomena	   happened	   besides	   traverse	   through	   the	   gap	   would	   also	  contribute	  to	  fluorescent	  signal	  to	  be	  detected	  at	  O1	  as	  consequence.	  	  	  We	  have	  done	  a	  simple	  scaling	  estimation	  try	  to	  take	  this	  into	  account.	  Now	  we	  will	  use	  H=500µμm	  (refer	  to	  Fig	  4.7b)	  according	  to	  asymmetric	  H-­‐shape	  device	  geometry.	  As	  for	  the	  time	  duration	  t,	  we	  use	  total	  length	  of	  horizontal	  channel	  divided	  by	  the	  mean	  Poiseuille	   flow	  velocity.	   It	  will	  be	  roughly	   t=1.5s	   for	  a	  single	  particle	   to	  pass	  through	  the	  whole	  horizontal	  channel	  portion	  in	  standard	  “H”	  shape	  device,	  which	  is	  also	  very	  consistent	  to	  our	  experiment	  observation.	  Diffusion	  coefficient	  D=2.5*10-­‐12m2/s	   stays	   the	   same	   as	   we	   discussed	   above.	   Supposing	   a	   fluorescent	   fluid	   cell	  locates	  right	  at	  the	  interface	  at	  t0,	  during	  a	  time	  length	  of	  t=1.5s,	  it	  can	  diffuse	  away	  from	   interface	   (also	   stagnation	   streamline)	   at	  most	   distance	  L = Dt = 1.9µμm.	   So	  for	  the	  percentage	  of	  diffusion	  we	  would	  use	  	  𝜂 = 1.9µμm250µμm ≈ 0.8%	  Noticed	   that	   diffusion	   attributed	   from	   entire	   channel	   would	   only	   insignificantly	  increase	   the	   final	   diffusion	   percentage.	   Also	   this	   proved	   our	   speculation	   that	  diffusion	  mainly	  happened	  during	  the	  particles	  traverse	  through	  the	  thin	  gap.	  Recall	  Fig	  4.13	  we	  experimentally	  detected	  9%-­‐15%	  fluorescent	  signal	  in	  O1	  from	  60V	  or	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above,	  which	  is	  higher	  but	  in	  the	  same	  bulk	  to	  our	  diffusion	  estimation	  result.	  The	  reason	  why	  our	  calculated	  diffusion	  quantity	   is	   lower	   than	   the	   total	  percentage	  of	  100nm	  particles	  detected	  in	  experiment	  could	  be	  due	  to	  	  	  (i)	   Real	   diffusion	   coefficient	   could	   be	   larger	   than	   that	  we	   estimated	   based	   on	   E-­‐S	  equation.	   Though	   not	   systematically	   discussed,	   it	   is	  well	   known	   that	   the	   effect	   of	  Taylor	  dispersion	  will	  enlarge	  the	  diffusion	  coefficient	  especially	  when	  particle	  size	  is	  larger	  than	  molecular	  size	  (higher	  Pe#	  value)	  [76-­‐77]	  	  (ii)	   Some	  100nm	  particles	  may	  have	   clustered	   together	   so	   that	   their	   effective	   size	  increased.	  In	  Fig	  4.13	  (a)	  there	  are	  some	  bright	  “dots”	  which	  might	  be	  the	  clustered	  100nm	   particles.	   Then	   they	   might	   be	   able	   to	   be	   deflected	   which	   will	   be	   also	  contribute	  to	  the	  fluorescent	  signal	  we	  detected	  from	  O1.	  	  (iii)	   For	   the	  diffusion	   calculation	  we	  have	  done	   above	   there	   are	   some	  estimations	  which	  may	  not	  be	  exactly	  the	  same	  as	  the	  experimental	  condition.	  For	  example	  it	  is	  not	   real	   semi-­‐infinite	   diffusion	   because	   of	   existing	   opposite	  wall.	   Considering	   the	  finite	   diffusion	   distance	   instead	   of	   semi-­‐infinite,	   physically	   there	   should	   be	   more	  particles	  diffusing	  over	  a	  shorter	  time.	  	  	  In	   order	   to	   further	   prove	   our	   hypothesis	   that	   100nm	   fluorescent	   particles	   being	  detected	   at	   O1	   is	   largely/entirely	   due	   to	   diffusion	   effect,	   we	   use	   even	   smaller	  particles	   for	  validation.	   Since	   the	   smaller	   the	  particle	   size,	   the	   larger	   the	  diffusion	  coefficient,	  we	  should	  expect	  that	  using	  fluorescent	  dye	  instead	  of	  100nm	  particles	  (molecular	   size	   “particles”),	  we	   should	   detect	   even	  more	   fluorescent	   signal	   above	  the	  stagnation	  streamline.	  The	  only	  parameter	  we	  need	  to	  change	  compared	  to	  the	  discussion	  above	  is	  the	  diffusion	  coefficient.	  Supposing	  the	  diameter	  of	  fluorescent	  dye	  is	  in	  the	  size	  scale	  of	  molecule,	  roughly	  1nm.	  So	  the	  diffusion	  coefficient	  would	  be	  100	   times	   larger	   than	  100nm	  particles,	   i.e.	   2.5*10-­‐10m2/s.	   This	   estimation	   is	   in	  good	   agreement	   with	   4.2*10-­‐10m2/s	   as	   reported	   by	   Casalini	   et	   al.	   [78].	   Plug	   the	  diffusion	  coefficient	  2.5*10-­‐10m2/s	  into	  Eq.	  (4.12)	  again	  and	  use	  Eq.	  (4.7)	  to	  calculate	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the	  diffusion	  percentage	  is	  50.2%.	  However,	  since	  we	  initially	  infuse	  equal	  amounts	  of	  buffer	  to	  fluorescent	  solution,	  when	  the	  diffusion	  percentage	  reaches	  50%	  means	  that	   means	   that	   the	   entire	   channel	   approaches	   uniform	   concentration.	   For	  fluorescein	  dye	  we	  would	  thus	  expect	  a	  much	  higher	  diffusion	  percentage	  than	  for	  100nm	   particles,	   approaching	   50%.	   Qualitatively,	   an	   experimental	   frame	   like	   the	  one	  captured	  below	  as	  Fig	  4.14(a)	  shows	  that	   fluorescent	  signal	  (GSV)	   in	  channels	  conjunction	  to	  O1	  and	  O2	  looks	  very	  similar.	  Quantitatively,	  we	  calculate	  percentage	  of	  diffusion	  by	  utilizing	  the	  GSV	  at	  O1	  divided	  by	  GSV	  at	  O1	  plus	  O2,	  which	  results	  in	  around	   48%	   almost	   independent	   of	   the	   driving	   parameters.	   This	   series	   of	  experiments	   gives	   evidence	   in	   favor	   of	   our	   hypothesis	   that	   the	   diffusion	   effect	  dominates	  the	  presence	  of	  smaller	  particles	  at	  O1.	  








	   61	  
sufficiently	  to	  cross	  the	  stagnation	  streamline	  in	  order	  to	  release	  them	  to	  the	  upper	  outlet	   O1.	   Meanwhile	   about	   10%	   of	   100nm	   particles	   will	   diffuse	   across	   the	  stagnation	  streamline	  interface	  of	  particle	  and	  buffer	  solution,	  and	  then	  also	  exit	  at	  O1.	   If	   we	   initially	   mix	   these	   two	   sizes	   of	   particles	   together,	   and	   let	   them	   pass	  through	  the	  bubble	  streaming	  flow	  together,	  ultimately	  we	  obtain	  a	  mixture	  at	  O1,	  where	  the	  suspension	  will	  have	  a	  higher	  concentration	  ratio	  of	  1𝜇𝑚	  against	  100nm.	  Here	  we	  define	  the	  enrichment	  ratio	  φ	  as	  	  φ = !!"!!!""#$	  	  (4.14)	  As	  defined	  in	  Eq.	  (4.1),	  ψ	  here	  is	  the	  deflection	  efficiency	  and	  subscripts	  indicate	  the	  size	  of	  particles,	  respectively.	  	  	  By	  applying	  the	  above	  equation,	  we	  obtain	  the	  below	  enrichment	  ratio	  as	  a	  function	  of	  driving	  voltage.	  

















Driving	  Voltage	  (V)	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  4.7.2	  Sequential	  sorting	  with	  two	  bubbles	  	  One	   practical	   way	   to	   keep	   improving	   the	   enrichment	   ratio	   is	   by	   using	   multiple	  bubbles	  in	  series	  to	  purify	  the	  mixed	  solution	  in	  sequence.	  Below	  in	  Fig	  4.16	  is	  the	  concept	   design	   for	   two	   consecutive	   bubbles.	   To	  make	   the	   flow	   rates	   in	   the	  whole	  system	  balance,	  we	  need	  to	  use	  two	  syringe	  pumps	  to	   infuse	  relative	   flow	  rates	  of	  2Q	  from	  I1	  and	  1Q	  from	  I2,	  and	  meanwhile	  withdraw	  2Q	  from	  O2.	  Since	  we	  typically	  want	   to	   optimize	   and	   collect	   samples	   at	   O1,	   we	   usually	   leave	   this	   outlet	   free	   to	  ambient	  pressure.	  For	  a	  sanity	  check,	  we	  first	  use	  10𝜇𝑚	  size	  particles	  as	  probes.	  As	  we	  can	  see	  from	  Fig	  4.16	  (b)	  below,	  all	  10𝜇𝑚	  particles	  can	  be	  successfully	  deflected	  to	  O1	  after	  passing	  by	  both	  bubbles	  consecutively.	  
	  Fig	   4.16	   Two	   bubbles	   in	   series	   for	   sorting	   in	   sequence.	   (a)	   design	   concept	   for	  microfabrication;	  (b)	  10𝜇𝑚	  latex	  particle	  streaklines	  with	  applied	  bubble	  streaming.	  	  When	   using	   a	   1𝜇𝑚+100nm	   mixed	   solution,	   we	   can	   also	   detect	   the	   relative	  concentration	  change	  of	   the	   two	  different-­‐sized	  particles	  at	  O1	  compared	  with	  the	  initial	  condition	  before	  passing	  the	  bubbles,	  and	  thus	  calculate	  the	  enrichment	  ratio	  per	  Eq.	   (4.14).	  Theoretically	   the	  enrichment	   ratio	   should	  be	   squared	   compared	   to	  the	   use	   of	   a	   single	   bubble	   device.	   Fig	   4.17	   below	   shows	   the	   comparison	   of	   the	  fluorescent	   signal	   from	   100nm	   particles	   with	   and	   without	   bubble	   streaming.	   Fig	  4.17	  (b)	  clearly	  shows	  that	  after	  passing	  by	  the	  second	  bubble	  the	  fluorescent	  signal	  
(a))	   (b)	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is	   much	   weaker	   than	   in	   the	   conjunction	   channel	   between	   two	   bubbles	   (see	   the	  arrows).	   	  
Fig	   4.17	   100nm	   latex	   particles	   in	   two	   consecutive	   bubble	   sorting	   device	   under	  fluorescent	  microscopy	  (a)	  w/o	  and	  (b)	  w/	  bubble	  streaming	  	  By	  measuring	  the	  GSV	  at	  the	  channel	  connection	  to	  O1	  (highlighted	  in	  Fig	  4.17b)	  and	  converting	   to	   the	   concentration	   using	   our	   calibration	   curve,	   we	   get	   the	   final	  deflection	   efficiency	   for	   100nm	   as	   2.2%.	   Simultaneously,	   by	   enumerating	   1μm	  particles	  ultimately	  going	  to	  O1	  we	  get	  around	  45%	  final	  deflection	  efficiency.	  Now	  applying	  Eq.	  (4.14)	  we	  will	  consequently	  get	  an	  enrichment	  ratio	  of	  about	  20,	  which	  is	  much	  higher	  than	  the	  enrichment	  ratio	  of	  about	  6	  by	  using	  single	  bubble	  sorting.	  Thus	  by	  utilizing	   sequential	   bubbles	   for	   sorting	   is	   an	   applicable	  method	   to	  obtain	  higher	  enrichment	  ratios.	  	  Theoretically,	   we	   can	   apply	   more	   bubbles	   to	   purify	   the	   particle	   suspension	   in	  sequence	  to	  pursue	  much	  higher	  enrichment	  ratios.	  However,	  practically	  the	  more	  bubbles	  used	   in	  one	  device,	   the	  more	  complicated	   is	   the	  channel	  geometry	  design	  and	  the	  harder	  it	  is	  to	  coordinate	  the	  multiple	  syringe	  pumps	  to	  control	  the	  pressure	  balance	  in	  the	  flow	  field.	  	  
(a)	   Channel	  connect	  to	  O1	  
Conjunction	  channel	  between	  two	  bubbles	  
(b)	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4.7.3	  Optimization	  of	  particle	  sorting	  with	  two	  different	  sizes	  From	  chapter	  4.1	  up	  to	  now,	  it	  has	  been	  shown	  that,	  using	  mixtures	  of	  10𝜇𝑚 + 5𝜇𝑚	  particles	   all	   the	   way	   to	   mixtures	   of	   1𝜇𝑚 + 100𝑛𝑚 ,	   by	   using	   superposition	   of	  Poiseuille	  transport	  flow	  and	  bubble	  streaming	  flow	  we	  can	  effectively	  sort	  particles	  and	   change	   the	   relative	   concentration	   ratio.	   The	   question	   is	   how	   to	   optimize	   the	  sorting	  strategy	  with	  a	  mixture	  of	  given	  size	  particles?	  	  The	   Peclet	   number	   is	   defined	   as	   the	   ratio	   between	   the	   relative	   importance	   of	  advection	  and	  diffusion	  on	  the	  particle	  mobility.	  𝑃𝑒 = !!×!!! 	  	  (4.15)	  On	   the	  numerator,	  u	   is	   the	  particle	   speed	  normal	   to	   the	   streamline.	  Time	   length	   t	  here	  we	  used	  the	  same	  estimated	  time	  length	  1ms	  as	  discussed	  in	  detail	  section	  4.6.	  So	  u	   times	   t	   is	   the	   characteristic	   length	  attributed	   to	  advection.	  On	   the	  dominator	  side,	  D	  is	  the	  diffusion	  coefficient	  derived	  from	  Eq.	  4.13	  and	  pre-­‐factor	  4	  is	  coming	  from	  the	  analytical	  solution	  based	  on	  Eq.	  4.12	  (refer	  to	  section	  4.6).	  	  Raqeeb	  et	  al.	  [73]	  has	  measured	  experimentally	  that	  for	  10μm	  particle,	  the	  velocity	  normal	  to	  streamline	  is	  ~5mm/s	  when	  Umax=4mm/s.	  If	  we	  plug	  into	  Eq.	  4.15	  we	  can	  get	   the	   Pe#	   is	   2.5*105.	   As	   for	   smaller	   size	   particles,	   based	   on	   discussion	   we	   had	  formerly	   in	   section	   4.4.2	   we	   have	   known	   that	   normal	   velocity	   should	   be	  proportional	  to	  the	  particle	  radius.	  So	  for	  1μm	  and	  100nm	  particles,	  we	  can	  deduce	  u=0.5mm/s	  and	  0.05mm/s,	  respectively.	  Similarly,	   if	  we	  plug	  these	  values	   into	  Eq.	  4.15	   we	   can	   get	   the	   Pe#	   for	   these	   two	   sizes	   of	   particles	   would	   be	   250	   and	   0.25	  accordingly.	  	  Qualitatively	   speaking,	   in	   the	   same	   flow	   field,	   the	   smaller	   the	   particle	   size,	   the	  stronger	  is	  the	  effect	  of	  diffusion.	  For	  larger	  sized	  particles	  (e.g.	  10𝜇𝑚	  diameter),	  the	  advection	   dominates	   and	   any	   deflections	   of	   the	   particle	   changing	   its	   original	  streamline	   and	   crossing	   the	   stagnation	   streamline	  will	   be	   unaffected	   by	   diffusion	  (refer	  to	  10𝜇𝑚	  deflection	  in	  Chapter	  4.1).	  However,	   if	   the	  particle	   is	  much	  smaller,	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diffusion	  effects	  can	  be	  dominant	  and	  be	  responsible	  for	  a	  large	  part	  of	  the	  particle	  deviation	   from	   its	   original	   streamline.	   Thus,	   the	   small	   particles	   can	  diffuse	   across	  the	   stagnation	   streamline	   and	   will	   be	   released	   to	   the	   upper	   outlet	   (refer	   to	  fluorescent	  dye	  diffusion	  in	  Chapter	  4.7).	  So	  it	  is	  not	  always	  true	  that	  the	  larger	  the	  size	   difference	   between	   mixing	   particles,	   the	   larger	   the	   portion	   of	   particles	  undergoing	  deflection.	  Ongoing	  fundamental	  work	  in	  the	  Hilgenfeldt	  group	  pursues	  a	   quantitative	   understanding	   of	   the	   forces	   acting	   on	   a	   particle	   near	   the	   bubble	  surface.	   Once	   this	   is	   fully	   understood,	   we	   can	   revisit	   the	   sorting	   application	   of	  different	  size	  particles	  and	  optimize	  the	  sorting	  strategy	  to	  both	  maximize	  the	  force	  on	  larger	  particles	  and	  at	  the	  same	  time	  minimizing	  the	  diffusion	  effects	  on	  smaller	  particles.	  	  4.8	  Summary	  of	  micro-­‐/nano-­‐scale	  latex	  particle	  sorting	  1.	  By	  changing	  the	  geometry	  (slope	  angle)	  of	  the	  wall	  at	  which	  the	  bubble	  is	  located,	  we	  could	  enhance	  the	  upstream	  vortex	  bubble	  streaming	  flow	  and	  show	  that	  such	  a	  flow	  is	  beneficial	  to	  efficient	  1μm	  particle	  sorting.	  2.	  We	  can	  deflect	  almost	  2/3	  of	  1μm	  particles	  to	  the	  upper	  outlet.	  Under	  the	  same	  condition	   around	   10%	   of	   100nm	   particles	   are	   deflected,	   probably	   by	   diffusion,	  accompanying	  the	  1μm	  particles.	  The	  enrichment	  ratio	   is	  about	  6	  (sixfold	   increase	  of	  large-­‐particle	  to	  small-­‐particle	  concentration)	  under	  typical	  driving	  parameters	  of	  20khz	  frequency	  and	  60V	  amplitude	  on	  the	  piezo	  transducer.	  3.	  The	  reason	  why	  we	  cannot	  deflect	  100%	  of	  1μm	  particle	  is	  because	  a)	  it	  is	  hard	  to	  obtain	  a	  flow	  field	  gap	  on	  the	  order	  of	  this	  size	  of	  the	  1μm	  particle,	  and	  b)	  smaller	  hydrodynamic	   forces	   acting	   on	   smaller	   particle	   makes	   it	   harder	   to	   cross	   the	  stagnation	   streamline,	   and	   render	   the	   description	   of	   deflection	   through	   gap	  geometry	  inaccurate.	  	  4.	   We	   detect	   100nm	   particles	   in	   the	   upper	   outlet	   O1,	   but	   this	   is	   not	   due	   to	   a	  sufficiently	  small	  gap	  or	   large	  enough	  hydrodynamic	   forces,	  but	  mainly	  because	  of	  diffusion.	  	  5.	  To	  increase	  the	  enrichment	  ratio	  for	  applications,	  we	  can	  use	  multiple	  sequential	  bubbles	  for	  sorting;	  this	  concept	  has	  been	  shown	  to	  work.	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6.	   To	   further	   optimize	   the	   sorting	   strategy	   for	   any	   suspension	   containing	   given	  particle	  sizes,	  a	  more	  fundamental	  understanding	  of	  the	  particle	  deflection	  forces	  is	  necessary.	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Chapter	  5.	  Sorting	  of	  mixtures	  of	  bacteria	  and	  viruses	  applying	  bubble	  streaming	  	  In	   this	   chapter,	   we	   will	   apply	   the	   strategies	   we	   presented	   in	   Chapter	   4	   for	   latex	  particles	  to	  the	  sorting	  of	  biological	  samples,	  specifically	  Sulfolobus	  islandicus	  and	  its	  viruses	  SSV,	  a	  chronic	  virus	  produced	  by	  this	  type	  of	  Sulfolobus.	  To	  begin	  with,	  we	  will	  discuss	  the	  motivation	  and	  challenge	  of	  this	  application.	  Then	  an	  experimental	  protocol	   will	   be	   introduced	   per	   our	   practical	   experience	   concering	  
Sulfolobus/viruses	   sorting.	   The	   experimental	   data	   obtained	   will	   be	   discussed.	   To	  conclude,	  we	  discuss	  the	  challenges	  and	  future	  strategies	  to	  improve	  on	  the	  sorting	  of	  biological	  samples.	  	  5.1	  Background	  	  5.1.1	  Project	  introduction	  In	   Chapter	   4,	   we	   have	   shown	   that	   we	   can	   manipulate	   micron-­‐size	   latex	   particle	  trajectories	   by	   adjusting	   ultrasound	   amplitude	   and	   transport	   flow	   rate.	   More	  importantly,	   we	   have	   successfully	   reduced	   the	   size	   of	   deflected	   particles	   from	   an	  initial	   diameter	   10μm	   to	   the	   current	   1μm,	   in	   order	   to	   effect	   sorting	   relative	   to	  100nm	  size	  particles.	   	  This	   is	   important	  since	   the	  size	  of	  many	   types	  of	  single-­‐cell	  organisms	  is	  on	  the	  scale	  of	  1μm	  while	  the	  size	  of	  viruses	   infecting	  them	  is	  on	  the	  scale	  of	  100nm.	  This	  suggests	  a	  challenge:	  can	  we	  separate	  viruses	  from	  their	  host	  cells	  using	  our	  method?	  	  Particularly,	   we	   are	   interested	   in	   a	   very	   special	   type	   of	   archaea,	   Sulfolobus	  
Islandicus,	   and	   its	  viruses	  Sulfolobus	  Spindle-­‐shaped	  Virus	  (SSV),	  a	  virus	  chronically	  infecting	  Sulfolobus.	  This	  system	  was	  suggested	  by	  collaborative	  research	  work	  with	  Professor	  Young’s	  group	  at	  University	  of	  Montana	  and	  Professor	  Whitaker’s	  group	  in	  Molecular	   and	   Cellular	   Biology	   at	   U	   of	   Illinois.	   These	   groups	   examine	   how	   the	  dynamic	   interplay	  between	  organisms	   and	   their	   viruses	   influences	   the	   generation	  and	   maintenance	   of	   biodiversity.	   It	   is	   common	   to	   assume	   that	   viruses	   will	   be	  harmful	   to	   the	   host	   bacteria/cells,	   decreasing	   the	   host	   fitness	   in	   host-­‐viruses	  interaction.	  However,	   from	   systems	   like	   the	  archaea	   and	   their	   chronic	   viruses,	   an	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alternative	   hypothesis	   can	   be	   formulated,	   namely,	   that	   chronic	   viral	   infection	   can	  contribute	   positively	   to	   host	   fitness,	   assuming	   these	   chronic	   viruses	   will	   protect	  their	  hosts	   from	   future	   infection	  and	   improve	   their	   competitive	  advantage	  against	  uninfected	  cells	  as	  competitors.	  In	  order	  to	  verify	  the	  above	  hypothesis,	  aside	  from	  detailed	  biological	  research,	  one	  of	  the	  key	  steps	  is	  to	  change	  the	  relative	  quantity	  of	  
Sulfolobus	  cells	  and	  viruses	  from	  a	  sample	  so	  that	  populations	  with	  different	  ratios	  can	   be	   studied.	   Ideally,	   the	   populations	   should	   be	   changed	   without	   resorting	   to	  biochemical	   tools	   that	   could	   affect	   the	   cell	   fitness	   beyond	   the	   effect	   to	   be	  investigated.	  Thus,	  a	  physical	  or	  hydrodynamical	  means	  of	  changing	  concentration	  ratio	   is	   sought.	  This	   is	   very	   similar	   to	   the	   idea	  of	   the	   latex	  particle	  mixing	   sorting	  discussed	  in	  the	  previous	  chapter.	  	  5.1.2	   Advantages	   of	   applying	   bubble	   micro-­‐streaming	   for	   biological	   sample	  separation	  We	  suggest	  applying	  our	  passive	  sorting	  technique	  to	  biological	  sample	  separation	  for	  several	  reasons:	  
• Biological	  objects	  are	  separated	  by	  size.	  	  This	  is	  a	  very	  strong	  advantage	  since	  we	  don’t	  require	  the	  target	  sample	  to	  have	  specific	  physical	  or	  chemical	  characteristics.	  The	  method	  is	  applicable	  to	  any	  type	  of	  cells	  and	  viruses	  without	  any	  treatment	  since	  typically	  the	  size	  of	  the	  cells	  will	  be	  1-­‐2	  orders	  of	  magnitude	  larger	  than	  its	  infectious	  viruses.	  
• Biological	  objects	  are	  suspended	  in	  fluid	  at	  all	  time.	  	  Because	  of	  the	  presence	  of	  the	  lubrication	  layer	  we	  discussed	  briefly	  in	  section	  4.4.2,	  a	  thin	  layer	  of	  fluid	  will	  prevent	  biological	  cells	  from	  physical	  contact	  with	  the	  bubble.	  Thus,	  biological	  samples	  are	  always	  surrounded	  by	  medium	  as	  in	  situ,	  which	  is	  ideal	  to	  prevent	  physical	  damage	  by	  exposure	  to	  air.	  
• Not	  sensitive	  to	  particle	  concentration.	  	  A	  typical	  Sulfolobus	  solution	  concentration	  used	  in	  our	  experiments	  is	  106cells/ml	  unless	  otherwise	  pre-­‐concentrated.	  From	  the	  experimental	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perspective,	  changing	  the	  concentration	  of	  solution	  over	  a	  wide	  range	  will	  not	  alter	  results	  as	  long	  as	  the	  flow	  rate	  is	  controlled.	  	  
• The	  critical	  size	  of	  biological	  samples	  can	  be	  adjusted.	  	  It	  has	  been	  shown	  in	  the	  previous	  chapter	  that	  micro-­‐bubble	  devices	  can	  be	  adapted	  to	  sorting	  of	  different	  micro-­‐	  and	  nanometric	  sizes,	  by	  simply	  changing	  the	  driving	  parameter	  of	  ultrasonic	  bubble	  oscillation	  and	  the	  transport	  flow	  rate.	  
• The	  method	  is	  cost	  effective.	  	  Device	  fabrication	  has	  been	  discussed	  in	  Chapter	  3	  in	  detail.	  It	  is	  a	  standard	  process	  to	  apply	  photolithography	  methods	  to	  manufacture	  our	  micro-­‐channel	  devices	  in	  one	  step,	  with	  no	  special	  devices	  or	  procedures.	  If	  employed	  on	  a	  larger	  scale,	  the	  price	  to	  fabricate	  these	  devices	  for	  different	  biological	  sample	  sorting	  perspective	  will	  be	  relatively	  cheap.	  	  5.1.3	  Challenge	  of	  biological	  object	  sorting	  compared	  to	  latex	  particle	  sorting	  Though	  the	  typical	  size	  of	  cells	  and	  viruses	  are	  comparable	  to	  the	  1μm	  and	  100nm	  latex	   particle	   used	   in	   Chapter	   4,	   the	   behavior	   of	   biological	   samples	   under	  micro-­‐streaming	  separation	  is	  still	  much	  harder	  to	  predict	  because	  of	  (i)	  much	  wider	  size	  distribution	  of	  cells	  exists	   in	  bulk	  solution	  due	  to	  their	  different	  stage	  of	   life	  cycle;	  (ii)	  biological	   samples	  are	  naturally	  morphologically	  diverse;	   (iii)	   active	  motion	  of	  live	   cells	   can	   dominate	   the	   thermal	   fluctuation;	   and	   (iv)	   comparing	   to	   rigid	   latex	  particles	   biological	   cells	   are	   more	   deformable.	   More	   detail	   will	   be	   discussed	   in	  section	  5.4.1.	  	  5.2	  Protocol	  of	  biological	  sample	  sorting	  experiments	  In	   this	   section	   we	   will	   discuss	   the	   standard	   operation	   procedure	   applied	   to	  biological	  samples	  sorting	  using	  micro-­‐bubble	  streaming.	  	  	  5.2.1	  Particle	  collection	  and	  storage	  We	   used	   two	   types	   of	   cell-­‐virus	   combinations:	   (i)	   Sulfolobus	   +	   SSV	   (ii)	   E.	   coli	   +	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Lambda	   phage.	   Sulfolobus	   is	   an	   extremophile	   species	   growing	   in	   volcanic	   springs	  with	  optimal	  growth	  occurring	  at	  pH	  2-­‐3	  and	  temperatures	  of	  75-­‐80	  °C,	  and	  the	  cells	  we	  used	  for	  experiments	  are	  collected	  from	  Yellowstone	  Park	  hot	  springs.	  SSV	   is	  a	  chronic	   virus	  produced	  by	   a	  Sulfolobus.	   islandicus	  strain.	  E.	  coli	   is	   one	  of	   the	  most	  well	   known	   bacteria	   species	   which	   is	   commonly	   found	   in	   the	   intestine	   of	   warm-­‐blooded	  organism	  [79].	  The	  Lambda	  phage	  is	  a	  bacteria	  virus	  that	  infects	  E.	  coli.	  	  	  All	  above-­‐mentioned	  biological	  samples	  are	  provided	  by	  Dr.	  Whitaker’s	  team.	  Note	  that	  cellular	  samples	  were	  stored	  under	  room	  temperature,	  while	  viruses	  should	  be	  stored	   at	   4°C	   in	   order	   to	   prevent	   virus	   decay.	   When	   we	   plan	   to	   conduct	   mixing	  sample	  experiments,	  we	  may	  not	  want	  to	  mix	  isolated	  cells	  and	  viruses	  sample	  until	  we	  are	  prepared	  to	  start	  the	  experiment.	  	  	  5.2.2	  Experiment	  setup	  preparation	  	  Before	  starting	  an	  experiment,	  we	  need	  to	  clean	  up	  the	  microfluidic	  channel	  using	  the	  following	  sequence	  of	  operations:	  1.	  Clean	  PDMS	  microfluidic	  device	  using	  isopropanol	  (IPA).	  Flush	  the	  device	  channel	  with	  IPA	  through	  I1,	  and	  withdraw	  from	  O1.	  Repeat	  3	  times,	  each	  time	  about	  50μL	  infused	  by	  50μL/min.	  	  	  2.	   Clean	   device	   for	   biological	   experiment.	   When	   we	   are	   conducting	   experiments	  with	  biological	  samples,	  we	  add	  one	  more	  cleaning	  step	  with	  ethanol.	  Basically	  we	  repeat	   the	   same	   cleaning	   process	   as	   in	   step	   1	   by	   substituting	   IPA	  with	   70%	  w/w	  ethanol.	  	  	  3.	   Infuse	   buffer	   (DT	   medium	   for	   Sulfolobus+SSV	   while	   PBS	   for	   E.	   coli+Lambda)	  solution	  from	  I1,	  and	  keep	  flushing	  for	  a	  longer	  time	  depending	  on	  bubble	  size.	  Also,	  if	  we	  want	   to	  make	  sure	   there	   is	  no	   IPA/ethanol	  residue	   left	   inside	  of	   the	  channel	  which	  would	  otherwise	  be	  toxic	  to	   live	  cells/viruses,	  the	  volume	  of	  buffer	  solution	  flushed	  before	  infusing	  the	  particle	  solution	  should	  be	  at	  least	  double	  as	  much	  as	  the	  cleaning	  agent	  used	  in	  the	  previous	  2	  steps.	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Conversely,	  after	  we	  finished	  the	  experiment,	  we	  use	  a	  reverse	  70%	  ethanol	  and	  IPA	  in	   sequence	   to	   flush	   the	   channel,	   withdrawing	   from	   either	   outlet	   to	   remove	   the	  cell/virus	  residue	  and	  dry	  the	  channel	  for	  later	  reuse.	  	  5.2.3	  Bubble	  status	  check	  Before	  we	  start	  sorting,	  we	  check	  the	  following	  items	  to	  make	  sure	  the	  entire	  sorting	  process	  runs	  smoothly.	  	  1.	  Bubble	  size	  check.	  Use	  the	  bubble	  size	  control	  method	  discussed	  in	  Chapter	  3.3,	  to	  ensure	  that	  the	  bubble	  size	  will	  maintain	  relatively	  stable	  for	  the	  entire	  duration	  of	  the	   experiment	   (usually	   20-­‐30min	   are	   enough	   to	   collect	   sufficient	   volume	   of	  solution	  for	  plating).	  This	  is	  very	  critical	  since	  if	  bubble	  grows	  too	  fast	  (in	  particular	  if	   it	   grows	   to	   a	   cross	   section	   larger	   than	   a	   half	   circle),	   we	   need	   to	   abort	   the	  experiment,	   as	   bubble	   streaming	   would	   be	   altered	   sufficiently	   to	   lose	   its	  functionality	  to	  sort	  particles.	  	  2.	   Bubble	   oscillating	   amplitude	   check.	   Typically	   the	   required	   bubble	   oscillating	  amplitude	   under	   f=20Khz	   and	   V=60V	   would	   be	   around	   10um	   measured	   from	  experiments;	  otherwise	  we	  may	  want	  to	  adjust	  the	  driving	  parameter	  or	  bubble	  size	  to	  get	  the	  best	  sorting	  effect.	  	  5.2.4	  Biological	  samples	  sorting	  and	  collection	  Once	   the	   bubble	   size	   is	   found	   to	   be	   under	   control,	   we	   start	   to	   infuse	   the	   sample	  solution	  from	  I2	  with	  a	  flow	  rate	  Q=1μL/min	  equal	  to	  the	  one	  of	  buffer	  media	  from	  I1.	   When	   we	   observe	   particles	   passing	   by	   the	   bubble,	   we	   start	   the	   function	  generator	   to	   oscillate	   the	   bubble	   with	   typical	   driving	   parameters	   f=20Khz	   and	  V=60V.	   It	  will	   take	  around	  10min	  for	  the	   first	  sorted	  bulk	   fluid	  to	  reach	  the	  top	  of	  the	  two	  outlets	  to	  be	  collected.	  Considering	  that	  it	  usually	  requires	  at	  least	  20μL	  of	  sorted	  sample	  for	  the	  biological	  plating	  experiments	  described	  below,	  we	  connect	  a	  very	  thin	  tubing	  of	  ID	  0.015’’	  and	  OD	  0.043’’	  to	  both	  outlets,	  in	  which	  the	  volume	  of	  20μL	  corresponds	  to	  an	  easily	  observable	  length	  of	  17.5cm	  of	  fluid.	  The	  tubing	  with	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the	  collected	  solution	  inside	  then	  provides	  ease	  of	  transportation	  as	  well.	  	  Moreover,	  there	  are	  two	  ways	  to	  check	  the	  functionality	  of	  the	  experimental	  status:	  (i)	   As	   we	   stated	   in	   Section	   3.3,	   microscope	   illumination	   light	   can	   generate	   heat,	  which	  will	   increase	  the	  bubble	  size.	  To	  minimize	  this	   issue	  we	  usually	  turn	  off	   the	  microscope	   illumination	   during	   the	   experiment	   running.	   However	   in	   purpose	   of	  monitoring	  the	  status	  of	  experiment,	  we	  can	  turn	  on	  the	  light	  for	  a	  short	  period	  of	  time,	  capturing	  a	  short	  video	  and	  analyzing	  the	  particle	  sorting	  effect	  directly.	  	  (ii)	  Sometimes	   the	  system	  may	  encounter	  some	   imbalance	  due	   to	  a	  pressure	  drop	  difference	   between	   two	   outlets.	   For	   instance,	   the	   most	   common	   issue	   is	   an	   air	  bubble	  or	  piece	  of	  dirt	  partially	  blocking	  one	  of	  the	  channels.	  When	  this	  kind	  of	  issue	  happens,	   all	   fluids,	   no	  matter	  whether	   buffer	   or	   particle	   solution	  will	   be	  prone	   to	  exit	   at	   the	   alternate	   channel	   with	   lower	   hydro-­‐fluidic	   resistance.	   A	   quick	   way	   to	  check	   this	   is	   by	   observing	   the	  water-­‐head	   in	   both	   collection	   tubings.	   If	   there	   is	   a	  noticeable	   height	   difference,	   we	   pause	   the	   experiment	   and	   remove	   any	   air	  bubble/other	  obstacles	  inside	  of	  the	  channel	  first.	  	  	  After	  we	  finish	  a	  sorting	  experiment,	  we	  transfer	  the	  solution	  collected	  inside	  of	  the	  thin	   long	   tubing	   into	   small	   vials,	   label	   them	   and	   send	   back	   to	   the	  MCB	   lab	   of	   Dr.	  Whitaker	  for	  bacteria/virus	  count	  quantification	  by	  plating.	  	  5.3	  Biological	  sample	  counting	  method	  There	  are	  many	  several	  ways	  of	  cell	  counting.	  For	  our	  application,	  we	  use	  a	  plating	  method	  to	  quantify	  the	  final	  concentration	  of	  the	  collected	  samples	  after	  they	  have	  been	   subjected	   to	   micro-­‐streaming	   sorting.	   To	   quantify	   the	   number	   of	   cells	   in	   a	  culture,	   the	   cells	   can	  be	   simply	  plated	  on	  a	  petri	   dish	   filled	  with	   agar	   and	  growth	  media	   for	   target	   cells.	   Once	   the	   agar	   cools	   and	   solidifies,	   the	   dish	   is	   ready	   to	   be	  plated	   by	   live	   samples.	   We	   use	   a	   pipet	   to	   aspirate	   solution	   containing	   cells	   and	  release	   on	   top	   of	   agar,	   spreading	   the	   liquid	   on	   the	   plate.	   Then	   the	   plates	   are	  incubated	   at	   particular	   environmental	   conditions	   for	   biological	   sample	   growth.	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Sulfolobus	   will	   be	   incubated	   at	   80°C	   while	   E.	   coli	   requires	   37°C.	   Incubation	   for	  
Sulfolobus	  usually	  takes	  about	  5-­‐7	  days	  to	  form	  countable	  colonies,	  while	  for	  E.coli	  it	  only	   needs	   12	   hours.	   If	   the	   cells	   are	   efficiently	   distributed,	   it	   can	   be	   generally	  assumed	  that	  each	  cell	  will	  ultimately	  give	  rise	  to	  a	  single	  colony	  or	  Colony	  Forming	  Unit	  (CFU)	  after	  a	  period	  of	  time	  incubation.	  The	  colonies	  can	  be	  manually	  counted,	  and	   based	   on	   the	   known	   volume	   of	   solution	   that	   was	   spread	   on	   the	   plate,	   the	  concentration	  of	  the	  plated	  samples	  can	  be	  calculated.	  As	  for	  virus	  or	  phage	  cultures,	  this	  will	  require	  a	  two-­‐stage	  inoculation:	  after	  the	  agar	  preparation,	  cells	  are	  grown	  in	  the	  dish	  to	  provide	  hosts	  for	  the	  viral	  inoculum,	  then	  virus	  can	  be	  plated	  on	  top	  of	  the	   cell	   layer.	   Similarly,	   single	   viruses	  will	   eventually	   give	   rise	   to	   a	   single	   plaque	  called	  Plaque	  Forming	  Unit	  (PFU),	  which	  can	  be	  counted.	  	  Instead	  of	  obtaining	  single	  colonies	  that	  can	  be	  counted,	  sometimes	  colonies	  could	  lie	  over	  each	  other.	  In	  order	  to	  get	  rid	  of	  the	  scenario	  that	  two	  colonies	  overlap	  and	  lead	   to	  dilemma	  of	   counting,	  we	  need	   to	  do	   successive	  diluting	   (10	   folds	  between	  two	   dilute	   samples)	   and	   plating	   and	   eventually	   choose	   the	   dilution	   that	   provides	  many,	   but	   non-­‐overlapping	   units.	   Empirically	   we	   would	   use	   the	   diluted	   plate	   for	  which	  counting	   falls	   in	   the	   range	  of	  30~300	  colonies/plaques	   for	   the	  entire	  plate.	  Finally,	  we	  can	  simply	  count	  the	  CFU	  or	  PFU	  at	  the	  diluted	  plates,	  and	  knowing	  the	  dilution	   factor,	  we	   can	   convert	   back	   to	   the	   initial	   concentration.	   Figure	   5.1	   below	  shows	   typical	   petri	   agar	   plates	   after	   plating.	   By	   this	   means	   we	   can	   quantify	   the	  original	  concentration	  of	  samples	  we	  got	  from	  microfluidic	  device	  O1	  and	  O2	  before	  dilution.	   Furthermore	   we	   can	   use	   these	   concentration	   values	   to	   calculate	   the	  deflection	  efficiency	  and	  enrichment	  ratio	  as	  defined	  in	  Chapter	  4.	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  Fig	  5.1	  Biological	  sample	  plating	  in	  agar	  culture.	  (left)	  Fluorescent	  E.	  coli	  cells	  form	  colonies;	  (right)	  SSV	  form	  plaques,	  marked	  by	  pen	  on	  the	  dish	  lid.	  One	  can	  count	  the	  CFUs	   or	   PFUs	   on	   the	   agar	   plate	   and	   calculate	   the	   original	   cell/viruses	   solution	  concentration	  by	  knowing	  the	  dilution	  factor.	  	  Though	   this	   classical	  plating	  method	   can	  be	   time	   consuming,	   it	   generally	   gives	   an	  accurate	  estimate	  of	   the	  number	  of	   viable	   cells/viruses.	   It	   is	   therefore	  extensively	  used	  in	  tons	  of	  biological	  experiments	  aiming	  to	  quantify	  the	  number	  of	  cells/virus	  in	  culture	  [80-­‐81].	  Several	  alternative	  ways	  to	  perform	  the	  quantification	  could	  be	  employed,	  but	  are	  not	  pursued	  here.	  A	  novel	  nucleic	  acid	  stain,	  SYBR	  gold,	  was	  used	  to	  stain	  viruses	  and	  then	  count	  them	  under	  electronic	  microscope.	  SYBR	  gold	  binds	  to	   DNA.	   The	   resulting	   DNA-­‐dye-­‐complex	   absorbs	   blue	   light	   and	   emits	   green	   light	  [82-­‐84].	   One	   other	   state-­‐of-­‐the-­‐art	   technique	   to	   detect	   and	   enumerate	   viruses	   is	  flow	  cytometry.	  Flow	  cytometry	  allows	  extremely	  rapid	  measurement	  of	  single	  cells	  by	   optical	  means.	   In	   a	   flow	   cytometer	   the	   cells/virus	   flow	   in	   a	   narrow	   stream	   in	  front	  of	  a	   laser	  beam.	  Cells	  scatter	   light	  when	  passing	   through	  the	   laser	  beam	  and	  emit	  fluorescent	  light	  when	  excited	  by	  the	  laser.	  The	  light	  detectors	  capture	  the	  light	  reflected	   by	   cells	   and	   by	   analyzing	   the	   reflectance	   light	   one	   can	   figure	   out	   the	  quantity	  of	  passing	  particles,	  even	  more	  sophisticated	  particle	  shape	  and	  size	   [85-­‐87].	  Brussaard	   et	   al.	   [85]	  has	  done	  pioneer	  work	  of	   this	  methodology	   illustration.	  University	  of	   Illinois	  has	  a	   flow	  cytometry	   facility,	  which	  could	  provide	  analysis	  of	  cell/viruses	  counting.	  Flow	  cytometry	   is	  one	  of	   the	  most	   rapid	  ways	   for	  cell/virus	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counting	   nowadays	   but	   may	   also	   one	   of	   the	   most	   expensive	   one.	   These	   are	   all	  alternative	  methods	  for	  us	  to	  explore	  in	  future	  if	  we	  want	  get	  faster	  results.	  	  5.4	  Plating	  results	  and	  discussion	  There	  are	  3	  objects	  we	  have	  tested	  in	  such	  sorting	  experiments,	  which	  are	  
• E.	  coli	  
• Sulfolobus	  
• SSV	  virus	  
#	   Sample	  type	  












(pfu/ml)	   ψ	  1	   E.	  coli	  cells	   /	   1.37x10^9	   4.44x10^8	   75.50%	   N/A	   N/A	   N/A	   N/A	  2	   E.	  coli	  cells	   /	   1.81x10^8	   8.11x10^7	   69.10%	   N/A	   N/A	   N/A	   N/A	  3	   E.	  coli	  cells	   2.01x10^8	   9.63x10^7	   4.56x10^7	   67.90%	   N/A	   N/A	   N/A	   N/A	  4	   Sulf.	  cells	   8.49x10^5	   3.72x10^5	   1.86x10^5	   66.70%	   N/A	   N/A	   N/A	   N/A	  5	   Sulf.	  cells	   1.72x10^5	   5.1x10^3	   4.5x10^3	   53.10%	   N/A	   N/A	   N/A	   N/A	  6	   Sulf.	  virus	   N/A	   N/A	   N/A	   N/A	   9.09x10^5	   5.4x10^4	   6.36x10^5	   7.80%	  7	   Sulf.	  virus	   N/A	   N/A	   N/A	   N/A	   4.65x10^5	   9.9x10^3	   1.1x10^5	   8.30%	  8	   Sulf.	  +SSV	   2.4x10^3	   5.7x10^3	   Below	  detection	   N/A	   1.95x10^5	   2.7x10^4	   7.8x10^4	   25.70%	  9	   Sulf.	  +SSV	   5.1x10^5	   3.32x10^4	   3.6x10^3	   90.20%	   7.35x10^4	   1.28x10^4	   7.1x10^4	   15.30%	  10	   1μm+SSV	   N/A	   N/A	   N/A	   N/A	   2.39x10^5	   1.41x10^4	   1.49x10^5	   8.60%	  Table	  5.1	  Plating	  results	  summary	  of	  biological	  samples	  sorting	  	  Table	  5.1	  above	  shows	  a	  summary	  of	  the	  plating	  results	  of	  these	  biological	  samples	  sorting.	  We	  will	  divide	  these	  experimental	  results	  into	  3	  sub-­‐groups	  for	  discussion:	  (i)	   batch#	  1-­‐5	   are	  pure	   cell	   samples;	   (ii)	   batch#	  6&7	  are	  pure	   virus	   samples;	   (iii)	  batch#	   8-­‐10	   are	   mixtures	   of	   two	   different	   objects.	   In	   particular,	   batch	   8&9	   are	  mixture	   of	   Sulfolobus	   and	   SSV,	   while	   batch	   10	   as	   a	   control	   experiment	   used	   a	  mixture	  of	  1μm	   latex	  particles	  and	  SSV.	  More	  data	  analysis	   in	  each	  sub-­‐group	  and	  conclusions	  will	  be	  discussed	  in	  detail	  right	  below.	  	  5.4.1	  Cells	  only	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Batches	   1	   to	   5	   from	   Table	   5.1	   are	   cells	   only.	   From	   the	   deflection	   efficiency	   (ψ)	  results,	   we	   find	   that	   both	   types	   of	   single	   cells	   can	   be	   deflected	  more	   to	   O1	   with	  efficiency	  higher	  than	  50%	  (recall	  that	  without	  bubble	  streaming,	  no	  cells	  should	  be	  deflected	  to	  O1).	  In	  general,	  these	  deflection	  efficiency	  results	  are	  very	  close	  to	  latex	  particle	  sorting	  results	  as	  roughly	  2/3	  we	  presented	  in	  chapter	  4.	  The	  reason	  why	  the	  distribution	  is	  much	  wider	  from	  53.1%	  to	  75.5%	  is	  probably	  can	  be	  explained	  by	  the	  following	  factors.	  	  1.	  Size	  distribution	  	  Bacteria	   and	   other	   single-­‐cell	   organisms	   reproduce	   most	   commonly	   by	   binary	  fission.	   During	   a	   full	   life	   cycle	   of	   a	   single	   bacteria	   cell,	   it	   will	   ultimately	   grow	   to	  almost	   double	   size	   of	   its	   initial.	   In	   binary	   fission,	   a	   single	   cell	   divides	   and	   two	  identical	  cells	  are	  formed.	  So	  we	  would	  expect	  that	  in	  a	  bulk	  bacteria	  solution,	  there	  should	  be	  different	  sizes	  of	  bacteria	  exists	  due	  to	   their	  different	  stage	  of	   life	  cycle.	  Comparing	   to	   the	   latex	   particle	   we	   bought	   the	   size	   distribution	   is	   1.0±0.024μm	  (calibration	   report	   provided	  by	   Fisher	   Scientific),	   biological	   cells	  we	   are	   using	   for	  these	  series	  of	  sorting	  experiments	  have	  a	  much	  wider	  size	  distribution.	  	  Let’s	  use	  E.	  coli	  as	  example.	  E.	  coli	   is	  a	  rod-­‐shaped	  bacteria	  which	  is	  approximately	  0.5μm	   in	  width	  by	  2μm	   in	   length	   [88].	  We	   cannot	  definitively	   ensure	  whether	  we	  see	  a	  single	  cell	  or	  two	  cells	  bunched	  together,	  and	  we	  did	  observe	  E.	  coli	  size	  spread	  from	  2-­‐4.5μm.	  For	  Sulfolobus,	  several	  research	  groups	  have	  reported	  that	  the	  typical	  characteristic	  length	  is	  roughly	  1μm	  [89].	  Though	  it	  is	  very	  close	  or	  even	  lower	  than	  our	  microscope	  resolution,	  qualitatively	  what	  we	  see	  Sulfolobus	  under	  microscope	  is	  similar	  to	  what	  we	  observed	  1μm	  particles	  in	  previous	  experiments.	  Since	  E.	  coli	  is	  larger	  in	  size	  than	  Sulfolobus	  it	  follows	  that	  E.	  coli	  has	  qualitatively	  higher	  deflection	  efficiency,	  in	  agreement	  with	  what	  is	  found	  by	  plating.	  	  	  2.	  Morphology	  	  Compared	   to	   the	   carboxylate-­‐modified	   polystyrene	   microspheres	   as	   we	   used	   in	  Chapter	  4,	  biological	  samples	  are	  naturally	  morphologically	  diverse.	  Sulfolobus	  cells	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typically	  are	  close	  to	  sphere-­‐shaped	  under	  the	  electron	  microscope,	  while	  E.coli	  cells	  are	  rod-­‐like,	  unlike	  the	  almost	  perfect	  spheres	  of	  the	  latex	  particles	  [88-­‐89].	  Though	  in	   using	   micro-­‐bubble	   streaming	   to	   sort	   sample	   objects	   we	   have	   not	   observed	   a	  noticeable	  sensitivity	  to	  particle	  shape,	  such	  a	  variety	  of	  shapes	  will	  tend	  to	  blur	  the	  sorting	  conditions.	  	  
	  Fig	   5.2	   Sulfolobus	   electron	   photographs	   provided	   by	   Dr.	   Whitaker,	   showing	   the	  nearly	   spherical	   shape;	   (a)	   Sulfolobus	   islandicus,	   scale	   bar	   500nm;	   (b)	   Sulfolobus	  islandicus,	  higher	  magnification,	  scale	  bar	  100nm.	  	  3.	  Motility	  	  Bacterial	   motion	   has	   been	   subject	   of	   research	   for	   decades	   [90-­‐95].	   Essentially,	  motile	  cells	  give	  rise	  to	  effective	  diffusion	  coefficients	  about	  1000	  times	  larger	  than	  non-­‐motile	  cells	  relying	  on	  thermal	  motion,	  reported	  by	  Kim	  et	  al.	  [90-­‐91],	  meaning	  that	   active	   motility	   dominates	   thermal	   fluctuations.	   As	   stated,	   Sulfolobus	   species	  grow	  in	  volcanic	  springs	  with	  optimal	  growth	  occurring	  at	  pH	  2-­‐3	  and	  temperatures	  of	   75-­‐80°C.	   Thus,	   swimming	  motion	   of	   Sulfolobus	   cells	   is	   not	   expected	   under	   the	  conditions	  of	  our	  experimental	  setup,	  as	  our	  experiments	  are	  conducted	  under	  room	  temperature.	   This	   is	   consistent	   with	   Herzog’s	   work	   that	   has	   shown	   that	   for	  
Sulfolobus	  cells	  there	  is	  no	  swimming	  behavior	  observed	  when	  the	  temperature	  is	  as	  low	  as	  room	  temperature	  [92].	  However,	  at	  the	  optimal	  temperature	  for	  Sulfolobus	  habitat	  (70°C)	  the	  mean	  velocity	  can	  be	  as	  high	  as	  45μm/s	  [92].	  	  	  As	   for	  E.	  coli,	  we	  observed	  very	  clear	  swimming	  of	   the	  cells	  when	  there	   is	  no	  fluid	  bulk	   motion.	   Below	   Fig.	   5.3	   shows	   planar	   projections	   of	   3D	   paths	   of	   E.	   coli	  
(a)	   (b)	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swimming	  motion	  in	  a	  water	  droplet.	  
	  Fig	  5.3	  E.	  coli	  swimming	  motion	  streaklines	  projected	  into	  the	  focusing	  plane.	  (a)	  A	  number	  of	  E.	  coli	  cells	  swim	  in	  random	  directions,	   time	   length	  of	  streaks	   is	  5s;	  (b)	  one	  isolated	  E.	  coli	  cell	  swimming	  trajectory,	  time	  length	  15s.	  	  	  This	  type	  of	  motion	  trajectory	  is	  very	  similar	  to	  the	  classical	  run-­‐and-­‐tumble	  motion	  of	  E.	  coli	   swimming	   in	   a	   homogeneous	   isotropic	  medium	   illustrated	  by	  Berg	   et	   al.	  [93].	  The	  mechanism	  of	  E.	  coli	  swimming	  has	  also	  been	  revealed	  by	  Berg’s	  team	  [94-­‐96].	  Essentially,	  E.	  coli	  propel	   themselves	  by	  means	  of	  several	  helical	   flagella,	  each	  approximately	  6–10	  microns	  long,	  that	  are	  rotated	  at	  speeds	  of	  approximately	  100	  Hz	   by	   molecular	   motors	   embedded	   in	   the	   cell	   membrane.	   When	   the	   motors	   all	  rotate	   counterclockwise,	   the	   flagella	   coalesce	   together	   to	   form	   a	   bundle	   which	  propels	  the	  organism	  through	  the	  medium.	  When	  one	  or	  more	  of	  the	  rotary	  motors	  change	  direction,	   the	   flagella	  bundle	  disperses	  and	   the	  bacteria	   tumbles,	   changing	  direction.	  Thus	  the	  organism	  executes	  a	  random	  walk	  [95].	  	  Moreover,	  the	  mean	  velocity	  we	  measured	  is	  about	  10μm/s,	  slightly	  lower	  than	  the	  other	   teams	   reporting	   10-­‐30μm/s	   as	   usual	   range	   [92-­‐93].	   Compared	   to	   inactive	  
Sulfolobus,	  E.	  coli	  with	  swimming	  ability	  should	  have	  a	  greater	  chance	  to	  cross	   the	  stagnation	   streamline	   and	   thus	   contribute	   to	   the	   higher	   deflection	   efficiency	   as	  obtained	  in	  the	  plating	  results	  in	  Table	  5.1.	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4.	  Deformability	  	  Though	  the	  deformability	  of	  latex	  particle	  and	  biological	  samples	  used	  in	  this	  thesis	  work	  haven’t	  been	  systematically	  studied,	  it	  shouldn’t	  be	  surprising	  to	  predict	  that	  biological	   cells	   we	   used	   (Sulfolobus,	   E.	   coli)	   are	   more	   deformable	   than	   the	   latex	  particle,	   which	   is	   treated	   as	   a	   rigid	   microsphere	   particle	   (shear	   modulus	   of	  Polystyrene	  is	  ~1GPa	  while	  typical	  cell	  is	  ~10kPa)	  [97-­‐98].	  Considering	  the	  sorting	  mechanism	  according	   to	   the	  gap	  geometry	  discussion	  as	  stated	   in	  Chapter	  4.1,	  we	  would	   assume	   that	   deformable	   biological	   particles	   would	   be	   able	   to	   squeeze	  through	   the	   gap	   even	   though	   the	   gap	   size	   is	   smaller	   than	   an	   equivalent	   particle	  sphere	   diameter.	   Since	   we	   are	   intent	   on	   deflecting	   cells	   to	   the	   top	   outlet,	  deformability	  makes	  sorting	  more	  difficult.	  This	  might	  explain	  why	  e.g.	  for	  batch#	  5	  in	   Table	   5.1	   we	   have	   53.1%	   Sulfolobus	   being	   detected	   at	   O1,	   which	   is	   somewhat	  lower	  than	  our	  expectation	  as	  roughly	  2/3.	  	  Beyond	   that,	   we	   also	   note	   that	   the	   deflection	   efficiency	   of	   E.	   coli	   cells	   is	   always	  higher	  than	  that	  of	  Sulfolobus.	  This	  might	  be	  due	  to	  the	  fact	  that	  (i)	  E.	  coli	  cells	  are	  size	  larger	  than	  Sulfolobus	  and	  (ii)	  E.	  coli	  can	  freely	  swim	  under	  room	  temperature.	  On	   the	   one	   hand,	   based	   on	   the	   geometric	   theory	   of	   particle	   radius	   vs.	   gap	   size	  discussion,	   we	   know	   that	   larger	   particle	   size	   implies	   higher	   deflection	   efficiency.	  Likewise,	  regarding	  the	  hydrodynamic	  force	  we	  discussed	  in	  section	  4.4.2,	  the	  larger	  the	  size	  of	   the	  particle	   the	   larger	  particle	   to	   fluid	  velocity	  difference	  could	  achieve	  thus	  make	  E.	  coli	  much	  easier	  to	  cross	  the	  streamline	  to	  go	  up.	  Moreover	  swimming	  motion	  under	  room	  temperature	  leads	  to	  a	  higher	  probability	  of	  E.	  coli	  crossing	  the	  stagnation	   streamline	   compared	   to	  Sulfolobus.	  More	  quantitatively,	   by	  multiplying	  the	   typical	   swimming	   speed	   and	   the	   characteristic	   swimming	   length,	   we	   can	  calculate	   the	   effective	   diffusion	   coefficient	   of	   swimming	   E.	   coli	   is	   1.4x10-­‐9m2/s,	  which	   is	  weigh	   larger	   than	  1μm	  polystyrene	  particle	  diffusion	  coefficient	  obtained	  as	  2.5x10-­‐13m2/s	  using	  Eq	  4.13	  [93-­‐94].	  	  5.4.2	  SSV	  only	  From	  batch	  6	  and	  7	  we	  can	  get	  the	  deflection	  efficiency	  at	  O1	  when	  we	  infuse	  SSV	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only	  is	  7.8%	  and	  8.3%,	  respectively.	  Comparing	  to	  the	  100nm	  latex	  particle	  results	  under	   20khz,	   60V,	  which	   is	   9.18%,	   these	   values	   are	   fairly	   close	   and	   a	   convincing	  match.	   Actually	   we	   would	   predict	   viruses	   to	   perform	   very	   similarly	   to	   100nm	  particles	  under	   the	  same	  experimental	   condition	  since	  SSV	   is	   inactive	  under	   room	  temperature	   and	   its	   diffusion	   coefficient	   at	   equal	   equivalent	   size	   would	   be	   very	  similar	   regardless	   of	   shape	   [99].	   Essentially	   the	   fundamental	   reason	  why	  we	   still	  detect	   ~10%	   viruses	   crossing	   the	   stagnation	   streamline	   and	   reach	   the	   O1	   outlet,	  please	  refer	  to	  the	  discussion	  in	  section	  4.6.	  	  5.4.3	  Sulfolobus	  mixed	  with	  SSV	  Batch	  8	  and	  9	  in	  Table	  5.1	  are	  mixed	  samples	  of	  Sulfolubus	  and	  SSV.	  From	  the	  plating	  results,	  we	  can	  notice	  that	  significantly	  fewer	  Sulfolobus	  cells	  can	  be	  detected	  at	  O2	  (even	   below	   the	   detection	   limit	   for	   batch	   8),	  while	  more	   SSV	   plaques	   are	   formed	  from	  samples	  collected	  at	  O1,	  25.7%	  and	  15.3%	  respectively,	  2-­‐3	   folds	   larger	  than	  
SSV	  only	  deflection	  efficiency	  as	  around	  9%.	  Both	  of	  these	  shows	  the	  opposite	  trend	  to	   that	   expected	   as	   compared	   to	   pure	   cells/viruses	   experiments,	   which	   leads	   to	  lower	  deflection	  efficiency.	  	  	  Though	  it	  is	  not	  fully	  conclusive,	  one	  of	  the	  rational	  hypotheses	  is	  that	  in	  the	  initial	  mixed	   solution,	   live	   cells	   can	   be	   infected	   by	   SSV	   so	   that	   host-­‐virus	   systems	  consisting	  of	  bonded	   infected	  Sulfolobus	  and	  SSV	  exist.	  Essentially,	   if	   the	  biological	  cohesion	  force	  between	  the	  two	  objects	  is	  higher	  than	  the	  hydrodynamic	  forces	  (e.g.	  Stokes	  drag),	   then	  both	  of	   them	  will	   follow	  the	  same	  trajectory	  determined	  by	  the	  larger	   particle.	   In	   this	   case,	   since	   we	   conduct	   the	   experiment	   under	   room	  temperature,	  we	  would	   speculate	   a	   small	   portion	   of	  Sulfolobus	  would	   be	   infected.	  After	   plating	   is	   finished,	   agar	   dishes	   are	   incubated	   under	   the	   appropriate	  environment	   for	  Sulfolobus	  and	  SSV	   reproduction.	   It	   is	  expected	  that	   for	  the	  plates	  from	   the	   samples	   collected	   at	  O1,	   some	  more	  SSV	  would	   form	  plaques.	  As	   for	   the	  difference	   between	   25.7%	   and	   15.3%	   for	   these	   two	   batches,	   it	   might	   not	   be	   an	  unexpected	  variation	  between	  two	  biological	  samples	  where	  reproduction	  crucially	  depends	  on	  the	  initial	  degree	  of	  infection.	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To	   validate	   the	   above	   hypothesis	   of	   Sulfolobus	   and	  SSV	   infection	   leading	   to	   lower	  separation	   efficiency,	   we	   have	   also	   conducted	   an	   additional	   check	   experiment	   as	  presented	   in	   Table	   5.1	   batch	   10.	   In	   this	   check	   we	   keep	   using	   exactly	   the	   same	  experimental	  process	  as	  for	  the	  initially	  mixed	  sample	  but	  substitute	  Sulfolobus	  cells	  to	  1μm	  commercial	  beads.	  We	  see	  that	  the	  percentage	  of	  viruses	  counted	  at	  O1	  now	  drops	   back	   to	   8.6%,	  which	   is	   consistent	  with	   the	   single	   SSV	   sorting	   consequence.	  Though	  1μm	  latex	  particles	  can’t	  be	  enumerated	  by	  plating,	  we	  still	  quantify	  about	  2/3	  of	   deflection	   efficiency	   towards	   the	   top	  outlet	   by	  directly	   quantifying	  particle	  concentration	  in	  the	  in-­‐situ	  video.	  	  	  5.5	  Summary	  of	  biological	  cells/viruses	  sorting	  1.	  Micro-­‐bubble	  streaming	  towards	  biological	  cells/viruses	  sorting	  can	  be	  achieved	  by	   extending	   the	  microstreaming-­‐sorting	   concept	   of	   1μm	   to	   100nm	   latex	   particle	  sorting.	  We	  proposed	  a	  standard	  operation	  procedure	  of	  biological	  sample	  sorting	  by	   using	   the	   bubble-­‐streaming	   concept.	   Different	   types	   of	   cells	   and	   viruses	  deflection	   experiments	   have	   been	   tested.	   We	   used	   plating	   methods	   to	   analyze	  samples	  from	  desired	  outlets	  and	  enumerate	  the	  cell	  and	  virus	  concentrations.	  	  2.	  The	  performances	  of	   the	   tested	  cells	  and	  viruses	  under	  micro-­‐bubble	  streaming	  flow	  are	  similar	  to	  1μm	  and	  100nm	  latex	  particles,	  respectively.	  The	  final	  deflection	  efficiency	   counted	   by	   the	   plating	  method	   is	   also	   consistent	   with	   previous	   results	  presented	  in	  Chapter	  4.	  More	   variable	   sorting	   results	   noted	   are	  mainly	   due	   to	   size	   variance,	  morphology,	  motility	  and	  deformability	  of	  live	  cells	  compared	  to	  commercial	  particles.	  3.	  As	  for	  sorting	  from	  an	  initially	  mixed	  solution,	  we	  suspect	  that	  the	  cohesion	  force	  between	  host	  and	  virus	  is	  stronger	  than	  the	  hydrodynamic	  migration	  force,	  and	  as	  consequence	   will	   lead	   to	   lower	   deflection	   efficiency.	   Though	   not	   systematically	  validated,	  preliminary	  checks	  in	  control	  experiments	  using	  1μm	  latex	  particle	  with	  viruses	  show	  plating	  results	  that	  support	  our	  hypothesis.	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Chapter	  6.	  Conclusions	  and	  future	  work	  	  6.1	  Conclusions	  In	   this	   thesis,	  we	   studied	   the	  problem	  of	  micro-­‐	   and	  nanoscale	  particle	   sorting	  by	  applying	  microfluidic	  techniques.	  Based	  upon	  the	  innovative	  passive	  sorting	  method	  proposed	  by	  Wang	  et	  al.	  [1-­‐3],	  we	  extend	  micro-­‐bubble	  streaming	  to	  much	  smaller	  sized	   particle	   sorting,	   specifically	   the	   size	   range	   of	   1μm	   to	   100nm.	   Studying	   the	  methodology	   to	   reduce	   the	   streaming	   flow	  gap	   size	  based	  on	   the	   geometry	  of	   the	  flow,	  we	  developed	  one	  efficient	  way	   to	   improve	   the	  bubble	   streaming	  energy:	  by	  altering	  the	  wall	  geometry	  angle	  where	  the	  bubble	  is	  located	  to	  strengthen	  the	  up-­‐stream	   vortex.	   Quantitative	   experimental	   and	   simulation	   verifications	   have	   been	  both	   conducted	   and	   results	   show	   good	   consistency.	   On	   one	   hand,	   by	   taking	  advantage	   of	   high-­‐speed	   camera	   integrated	   in	   the	   experimental	   set-­‐up	   we	   can	  effectively	   detect	   the	   micron-­‐scale	   sized	   particles	   and	   track	   their	  trajectories/streaklines.	   On	   the	   other	   hand,	   for	   particle	   sizes	   below	   the	   sub-­‐pixel	  resolution,	   we	   used	   fluorescent	   particles	   and	   calibration	   curve	   in	   terms	   of	  fluorescent	   grey	   scale	   value	   with	   respect	   to	   different	   concentration	   under	   fixed	  incident	   conditions	   to	   quantify	   the	   particle	   concentration.	   From	   systematically	  studying	  series	  of	  experimental	  results,	  we	  found	  that	  almost	  2/3	  of	  1μm	  particles	  can	  be	  effectively	  deflected	  to	  the	  upper	  outlet	  O1,	  while	  under	  the	  same	  conditions	  there	  would	  be	  around	  10%	  of	  100nm	  particles	  deflected	   in	   this	  way,	  presumably	  because	  of	  diffusion,.	  Therefore,	  we	  can	  effectively	  separate	  mixed	  particle	  solutions	  with	   two	   sizes,	   1μm	   and	   100nm.	   A	   typical	   enrichment	   ratio	   value	   is	   around	   six	  under	   our	   driving	   parameters	   of	   20khz	   frequency	   and	   60V	   voltage	   on	   the	   piezo	  transducer.	   If	   we	   want	   to	   further	   improve	   the	   enrichment	   ratio	   for	   particular	  application	   purposes,	   one	   comprehensive	   method	   of	   applying	   sequential	   bubble	  sorting	  has	  been	  proposed	  and	  two-­‐series	  bubble	  sorting	  results	  have	  been	  verified	  as	  improving	  the	  enrichment	  ratio.	  	  To	  explain	  why	  there	  are	  still	  some	  deflected	  100nm	  particles	  detected	  at	  the	  upper	  outlet,	   we	   have	   proposed	   an	   analytical	   diffusion	   model.	   By	   applying	   rational	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estimates	  of	  our	  experimental	  conditions	  into	  this	  solution,	  we	  find	  a	  prediction	  of	  about	   10%	   of	   the	   100nm	   particles	   diffused	   to	   the	   upper	   outlet,	   which	   is	   very	  consistent	  with	  our	  experimental	  counting	  results.	  For	  further	  verification,	  we	  also	  utilized	   much	   smaller	   sized	   “particles”	   –	   fluorescent	   dye	   of	   molecular	   size.	   The	  predicted	  phenomena	  from	  solving	  the	  diffusion	  equation	  are	  very	  consistent	  with	  the	  experimental	  results.	  	  	  After	   finishing	   the	  experiments	  using	  commercial	  spherical	   latex	  particles,	   the	   last	  portion	  of	   this	   thesis	   extended	   this	  microfluidic	   sorting	  method	   to	   biological	   cells	  sorting.	  We	  selected	   two	  host-­‐virus	   combinations	  of	  Sulfolobus	   +	  SSV	   and	  E.	  coli	   +	  
Lambda	  phage	  virus.	  Detailed	  experimental	  protocols	  in	  terms	  of	  biological	  sample	  sorting	  were	  developed.	  By	   using	  plating	   of	   cells	   and	   viruses,	  we	   enumerated	   the	  concentration	   of	   collected	   samples	   from	   desired	   outlets	   independently,	   and	  conversely	  can	  derive	  the	  deflection	  efficiency	  of	  different	  types	  of	  objects.	  We	  find	  that	   biological	   samples	   perform	   very	   similarly	   under	   micro-­‐bubble	   streaming	  sorting	  to	  latex	  particles	  of	  comparable	  size.	  For	  cell	  sorting	  the	  deflection	  efficiency	  shows	  more	  scatter	  compared	  to	  1μm	  latex	  particles,	  which	  is	  not	  unexpected	  since	  live	   cells	   shows	  much	   wider	   size	   distribution,	   morphology	   variance,	   motility	   and	  deformability	  compared	  to	  commercial	   latex	  particles.	  We	  conclude	  that	  biological	  cells/viruses	  sorting	  can	  be	  achieved	  by	  means	  of	  oscillating	  micro-­‐streaming.	  	  6.2	  Future	  work	  Further	  research	  in	  the	  area	  of	  micron	  to	  sub-­‐micron	  size	  based	  particle	  sorting	  can	  be	  developed	  along	  three	  directions.	  	  	  Firstly,	  more	   research	   should	   be	   devoted	   to	  more	   fundamentally	   understand	  why	  particles	  are	  deflected.	  Some	  preliminary	  experimental	  and	  simulation	  results	  have	  shown	   that	   the	   repulsive	   force	   on	   a	   single	   particle	   close	   to	   the	   oscillating	   bubble	  surface	  derived	  from	  novel	  lubrication	  theory	  might	  be	  the	  most	  reliable	  candidate	  to	   predict	   particles	   crossing	   streamlines.	   Such	   work	   is	   currently	   on-­‐going	   in	   the	  Hilgenfeldt	  group	  but	  is	  not	  discussed	  in	  detail	  in	  this	  thesis	  [73-­‐74].	  Basically	  by	  a	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mixture	  solution	  of	  1μm	  to	  larger	  sized	  particles	  (say	  10μm	  and	  5μm	  normally	  used),	  we	  can	  treat	  1μm	  particle	  as	  tracer	  of	  streamlines.	  Experiment	  can	  be	  conducted	  to	  measure	   accumulated	   deflection	   distance/angle	   between	   larger	   sized	   particles	   to	  streamlines.	  With	  known	  period	  of	   time	  (frames),	  particle	  relative	  velocity	  normal	  to	  the	  flow	  velocity	  could	  be	  extrapolated	  and	  stokes	  drag	  force	  can	  be	  calculated	  by	  utilizing	  Eq.	   (4.6).	  We	   can	  do	   this	   series	   of	   experiments	  more	   systematically	  with	  different	   size	  of	  particles	  and	  under	  various	  bubble-­‐oscillation	  driving	  parameters	  (to	   obtain	   different	   streaming	   velocities).	   In	   such	   a	   way	   we	   could	   quantitatively	  compare	   the	   experimentally	   calculated	   deflection	   force	   with	   the	   computed	  lubrication	   force	   to	   confirm	   that	   particle	   deflection	   and	   release	   to	   the	   alternate	  outlet	  is	  mainly	  effected	  by	  lubrication	  force.	  	  Secondly,	  optimize	  the	  strategy	  for	  different-­‐sized	  particle	  sorting.	  As	  quantitatively	  discussed	   in	   section	   4.7.3,	   the	   advection	   dominates	   larger	   sized	   particle	   and	   any	  deflections	   of	   the	   particle	   changing	   its	   original	   streamline	   and	   crossing	   the	  stagnation	   streamline	  will	   be	   unaffected	   by	   diffusion	   (refer	   to	   10𝜇𝑚	  deflection	   in	  Chapter	   4.1).	   However,	   if	   the	   particle	   is	   much	   smaller,	   diffusion	   effects	   can	   be	  dominant	   and	   be	   responsible	   for	   a	   large	   part	   of	   the	   particle	   deviation	   from	   its	  original	   streamline.	   Thus,	   the	   small	   particles	   can	   diffuse	   across	   the	   stagnation	  streamline	   and	   will	   be	   released	   to	   the	   upper	   outlet	   (refer	   to	   fluorescent	   dye	  diffusion	  in	  Chapter	  4.7).	  So	  it	   is	  not	  always	  true	  that	  the	  larger	  the	  size	  difference	  between	  mixing	  particles,	  the	  larger	  the	  portion	  of	  particles	  undergoing	  deflection.	  Ongoing	   fundamental	   work	   in	   the	   Hilgenfeldt’s	   group	   pursues	   a	   quantitative	  understanding	  of	  the	  forces	  acting	  on	  a	  particle	  near	  the	  bubble	  surface	  [73].	  Once	  this	   is	   fully	   understood,	   we	   can	   revisit	   the	   sorting	   application	   of	   different	   size	  particles	  and	  optimize	  the	  sorting	  strategy.	  That	  being	  said,	  we	  could	  predict	  what	  kind	  of	   size	  difference/distribution	  of	   sample	  mixture	  would	  be	   ideal	   for	   utilizing	  the	  bubble	  streaming	  sorting.	  For	  larger	  sized	  ones,	  we	  want	  to	  maximize	  the	  force	  acting	  on	  particle	  to	  enhance	  deflection	  efficiency.	  As	  for	  smaller	  ones,	  we	  can	  also	  choose	  the	  size	  decently	  so	  that	  they	  won’t	  cross	  the	  stagnation	  streamline	  too	  much	  by	  either	  hydrodynamic	  force	  or	  diffusion	  effect.	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  Thirdly,	   we	   also	   want	   to	   explore	   further	   the	   potential	   of	   biological	   sorting	   by	  obtaining	  much	  more	  throughput	  and	  explore	  much	  faster	  way	  to	  biological	  objects	  enumeration,	  On	  the	  one	  hand,	  bubble	  size	  control	  is	  critical	  if	  we	  want	  to	  generalize	  this	  sorting	  technique	  for	  longer	  time	  utilization.	  Note	  that	  Volk	  et	  al.	  [62]	  recently	  published	   a	   technique	   to	   control	   the	   bubble	   size	   by	   means	   of	   pressure	   control	  around	  the	  bubble;	  we	  are	  really	  interested	  to	  implement	  this	  method	  to	  our	  sorting	  experiments	   using	   micro-­‐bubbles.	   If	   this	   can	   be	   achieved,	   sorting	   will	   not	   be	  impaired	   by	   bubble	   size	   changes	   and	   our	   sorting	   experiment	   can	   lead	   to	   more	  consistent	   and	   also	   higher	   throughput.	   On	   the	   other	   hand,	   once	   the	   sorting	  experiments	   are	   done,	   we	   are	   projecting	   to	   leverage	   much	   faster	   quantifying	  techniques	   for	   cell/viruses	   counting.	   As	   related	   earlier	   in	   chapter	   5.3,	   flow	  cytometry	   should	   be	   an	   applicable	   way	   to	   count	   small	   particles	   much	   more	  efficiently	   than	   the	   traditional	   plating	   method	   [85-­‐87].	   Taking	   advantage	   of	   this	  automatic	   counting	   technique	   will	   be	   a	   powerful	   tool	   for	   further	   applications	   of	  biological	  sample	  sorting	  in	  the	  near	  future.	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